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PREFACE. 


To the first Edition of this work, published in 1872, the 
following" statement was prefixed : — 

“ The work consists, in great part, of the large-type, 
or non-niathematical, portion of our Treatise on Natural 
Philosophy. 

“As it is designed' more especially for use in Schools 
and in the junior classes in Universities, the mathematical 
methods employed arc, almost without exception, limited 
to those of the most elementary geometry, algebra, and 
itrigonometry. Where higher methods are reepured for an 
■investigation, the reader is, in general, simply referred to 
our larger work. 

“ It is particularly interesting to note how many theorems, 
even among those not ordinarily attacked without the help 
of the Differential Calculus, have here been fcjund to yield 
•easily to geometrical method.s of the nuxst elementary cha- 
racter^ 

“ Simplification of modes of proof is not merely an indi- 
cation of advance in our knowledge of a subject, but is also 
the surest guarantee of readiness lor farther progress. 

“A large part of Chapter VII is reprinted from a series 
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of notes of a part of the Glasgow course, drawn up for 
Sir W. Thomson by John JFerguson, Esq., and printed for 
the use of his students. 

“We have had considerable difficulty in compiling this 
treatise from the larger work — arising from the necessity for 
condensation to a degree almost incompatible with the design 
to omit nothing of importance : and we feel that it would 
have given us much less trouble and anxiety, and would 
probably have ensured. a better result, had we written the 
volume anew without keeping the larger book constantly 
before us. The sole justification of the course we have pur- 
sued is that wherever, iit the -present volume, the student 
may feel further information to be desirable, he will have 
no difficulty in finding it in the corresponding pages of the 
larger work, 

“ A great portion of the present volume has been in type 
since the autumn of 1863, and has been printed for the use 
of our classes each autumn since thafdate.” 

To this we would now only add that the whole has been 
revised, and 'that 'we have 'endeavoured to simplify those 
portions which we have found by experience to present 
difficulties .to our students. 

The present edition has been carefully revised by>Mf W. 
Burnside, of Pembroke College : and an Index^ of which we 
have recognized the necessity, has been drawn up for us by./ 
Mr Scott Lang. 

W. THOMSON. 

P. G.- TAIT. 

1875. 
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DIVISION I. 

PRELIMINARY. 


CHAPTER I.— KINEMATICS. 

1. The science which investigates the action of Force is" called, by 
the most logical writers, Dynamics. It is commonly, but erroneously, 
called Mechanics; a term employed by Newton in its true sense, 
the Science of Machines, and the art of making them. 

2. Force i^ recognized as acting in two ways : 

I® so as to compel rest or to prevent change of motion, and 
2 “ so as to produce or to change motion. 

Dynamics, therefore, is divided into two parts, which are conveniently 
called Statics and Kinetics. 

3. In Statics the action of force in maintaining rest, or preventing 
change of motion, the .‘balancing of forces,’ or Equilibrium, is 
investigated ; in Kinetics, the action of force in producing or in 
changing motion. 

4. In Kinetics it is not mere motion which is investigated, but the 
•relation of forces to motion. The circumstances of mere motion, 
considered without reference to the bodies, moved, or to the forces 
producing the motion, or to the forces called into action by the 
motion, constuute the subject of a branch of Pure Mathematics, 
which is called Kinematics, or, in its more practical branches. 
Mechanism. 

6. Observation and experiment have aflforded us the means of 
translating, as it werCj from Kinematics into Dynamics, and vice versd. 
This is merely mentioned now in order to show the necessity for, 
and the value of, the preliminary matter we are about to introduce. 

6. Thus it appears that there are many properties of motion, 
displacement, and deformation, which may be considered altogether 
independently of force, mass, chemical constitution^ elasticity, terape' 
rature, magnetism, electricity ; and that the preliminary consideration 
of such properties in the abstract is of. very great use for Natural 
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philosophy. We devote to it, accoi-dingly, thewliole of this chapter j 
which will form, as it were, the Geometry of the subject, embracing 
what can be observed or concluded with regard to actual motions, 
as long as the catise is not sought. In this category we shall first take 
up the free motion of- a point, then the motion of a point attached 
to an inextensible cord, then the motions and displacements of rigid 
systems — and finally, tlie deformations of solid and fluid masses. 

7. When a point moves from one position to another it must 
evidently describe a continuous line, which may be curved or straight, 
or even made up of portions of curved and straight lines meeting 
each other at any angles. If the motion be that of a material particle^ 
however, there can be no abrupt change of velocity, nor of direction 
unless where the velocity is zero, since (as we shall afterwards see) 
such would imply the action of an infinite force. It is useful to con- 
sider at the outset various theorems connected with the geometrical 
notion of the path described by a moving point ; and these we shall 
now take up, deferring the consideration of Velocity to a future 
section, as being more closely connected with physical ideas. 


8. The direction of motion of a moving point is at each instant 
the tangent drawn to its path, if the path be a curve ; or the path 
itself if a straight line. This is evident from the definition of the 
tangent to a curve; 


9. If the path be not straight the direction of motion changes 
from point to point, and the rate of this change, per unit of length 
of the curve, is called the Curvature. To exemplify this, suppose 


two tangents, PP QU, drawn to a circle, 
and radii OP OQ, to the points of contact. 
The angle between the tangents is the 
/\ / direction between P. and 

/ \ j \ and the rate of change is’ to be measured 

' \ / \ by the relation between tliis angle and the 

V ' length of the circular arc PQ. Now, if B 

^ be the angle, s the arc, and r the radius, we 

see at once that (as the angle between the radii is equal to the 
angle between the tangents, and as the measure of an angle is the 

ratio of the afc to the radius, § 54 ) = and therefore -=- is the 


measure of, the curvature. Hence the curvature of a circle is in- 
versely as its radius, and is measured, in terms of the proper unit of 
curvature, simply by the reciprocal of the radius. 


10. Any small portion of a curve may be approximately taken 
as a circular arc, the approximation being closer and closer to the 
truth, as the assumed arc is smaller. The curvature at any point 
is the reciprocal of the radius of this circle for a small arc on each 
side of the point. 


11. If all the points of the curve lie in one plane, it is called ^ plane 
curve, and if it be made up of portions of straight or .curved. lines it 
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is called a p/arte polygon. If the line do not lie in one plane, we have 
in one case what is called a cume of double curvaturr^ in the other 
Vi gauche polygon. The term ‘curve of double curvature’ is a. very 
bad one, and, though in very general use, is, we hope, not inera- 
dicable. The fact is, that there are not two curvatures, but only 
a curvature (as above defined) of which the plane is continuously 
changing, or twisting, round the tangent line. The course of .such 
a curve is, in common language, well called ‘ tortuous ; ’ and the mea- 
sure of the corresponding property is conveniently called Tortuofdy. 

12. The nature of this will he best understood by considering the 
curve as a polygon whose sides are, indefinitely small. Any two 
consecutive sides, of cour.se, lie in a plane —and in that plane the 
curv.ature is measured as above; but in a curve which is not plane 
the third side of the polygon will not be in the .same plane with the 
first tvvo, and therefore the new plane in which the c urvature is to 
be measured is different from the old one. The jilanc of the curva- 
ture on each side of any point of a tortuou.s curve is sometimei c,illed 
the Osculating Plane of the curve at that ptiint. h% two successive 
positions of it contain the second side of the polygon above luru- 
tioned, it is evident that the osculating plane p-isscs liom one juisitton 
to the next by revolving about die tangent to the curve, 

13. Thus, as we proceed along .such a curve, the curvature in 
general varie.s; and, at the same time, tlie plane in which the cur- 
vature lies is turning about the tangent to the curve. The rate of 
torsion, or the tortuosity, is therefore to be measured by the rate nt 
which the osculating plane turns idiout the tangent, per unit length 
of the curve. The simplest illustration of a tortuous curve is ific 
thread of a screw. Compare § 41 {d). 

14;. The Integral Curvature, or whole chancy of direction^ of an arc 
of a plane curve, i.s the angle thrtnigh which the tangj’Ut li.e. ruined 
ns we pass from one extremity to the other. The arerage currjfi/re 
of any portion is it.s whole eurv.iturc diviiied by its lengtli. .Sttppusc 
a line, drawn through any fixed point, to turn lai ;ei idway.s tn be 
prnallcl to the direction of motion of a point dcsi ribing the curve : 
the angle through which thi.s turns during the inoticm of the point 
exhibits what we have ticfmeil as the integral curvature. In esti- 
mating thi.s, we must of course take the enlarged modern meaning 
of an angle, including angles greater than two right angles, and also 
negative angle.s. Thus the integral curvature of any closet! t urve or 
broken line, whether everywhere concave ttj the interior or not, is four 
right angles, provided it doc.i not cut it.ielf. That of a la^mniscate, 

3^ is zero. That of the Eptcyloid @ is eight right angles; imd 
80 on. 

16. Tire' definition in last section may evidently be extendt?t1 to 
a plane polygon, and the integral change of diiectiori, oc the angle 
between the first and last sitles, is then the tium of its exterior angles, 
all the sides being produced each in the direction in which the 
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moving point describes it while passing round the figure. This is 
true whether the polygon be closed or not. If closed, then, as long 
as it is not crossed, this sum is four right angles, — an extension of 
the result in Euclid, where all reentrant polygons are excluded. In 

the star- shaped figure , it is ten right angles, wanting the sum of 

the five acute angles of the figure; i.e. it is eight right angles. 

16. A chain, cord, or fine wire, or a fine fibre, filament, or hair, 
may suggest, what is not to be found among natural or artificial pro- 
ductions, a perfectly flexible and inexiensiUe line. The elementary 
kinematics of this subject require no investigation. The mathematical 
condition to be expressed in any case of it is simply that the distance 
measured along the line from any one point to any other, remains 
constant, however the line be bent. 

17. The use of a cord in mechanism presents us with many 
practical applications of this theory, which are in general extremely 
simple; although prious, and not always very easy, geometrical 
problems occur ii/ connexion with it. We sh^ say nothing here 
about such cases as knots, knitting, weaving, etc., as being pces- 
sively difficult in their general development, and too simple in the 
ordinary cases to require explanation. 

18. The simplest and most useful applications are to the Pulley 
and its coipbinations. In theory a pulley is simply a spaooth body 

which changes the direction of a flexible and inextensible 
cord stretched across part of its surface; in practice^ (to 
escape as much as possible of the inevitable friction) 
I it is a wheel, on part of whose circumference the cord 
is wrapped. 

(i) Suppose we have a single pulley B, about which 
the flexible and inextensible cord ABP is wrapped, and 
suppose its free portions to be parallel. 

If {A being fixed) a point P of the cord jP' 

be moved to P'j it is evident that each | 

of. the portions AB and PB will be 
shortened by one-half of PP'. Hence, 
when P moves through any space in 
the direction of the cord, the pulley B 
moves in tire same direction, through 
half the space. 

(a) If there be two cords and two pulleys, the 
enas AA' being fixed, and the other end of AB 
behig attached to the pulley B' — then, if all free 
parts of the cord are parallel, when P is moved to 
P\ B moves in the same direction through half the 
space, and carries with it one end of the cord AB. 

Hence B moves through half the space B> did, that 
is, one fourth of PP‘ 
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( 3 ) And so on for &ay numt^r of pulleys, if tliey be arranged 
In the above manner. Similar considerations enable us to deter- 
mine the relative motions of all parts of other sy.stetns of pulleys and 
cords as long as all the free parts of the cord.s arc jiarallcl. 

Of course, if a pulley be the motion of a point of one end of 
the cord fo or from it, involves an equal motion of the other end 
/rm or /■<? it. 

If the strings be not parallel, the relations of a single pulley or 
of a syst&m of pulleys arc a little complex, but present no tlitUeuky. 

19. In the mechanical tracing of curves, a flexible and inextensifile 
cord is often supposed. Thus, in drawing an ellipse, the focal {>ro- 

n of the curve shows us that if we fix the ends of such a cord 
e foci and keep it stretched by a pencil, the itcncil will trace 
the curve. 

By a ruler moveable about one focus, and a string attached to a 
point in the ruler and to the other focus, and kept tight Iiy a pencil 
sliding along the edge of the ruler, the hyperbola may be described 
by the help of its analogous fooil jiroperty ; and so on. 

20. But the consideration of evohites is of some importance In 
Natural Philosophy, especially in certain mechanical luul optical 
questions, and we shall therefore devote a section or two to this 
application of Kinematic.! 

/>(/, If a flexible and incxtensible string be fixed at one point 
of a plane curve, and stretched along the curve, and be then 
■unwound in the plane of the curve, every point of it will describe 
an Involute of the curve. The original curve is allied the Ewluk of 
any one of the others. 

21. It will be observed that we speak of m involute, and of the 
evolute, of a curve. In fact, as will Ijc easily seen, a curve can have 
but oncevoliU(‘, but it has an infmlU' number of invulutcs. For all 
that wc have to do to vary un involute, is to clumgr the pttint of 
the curve from wliich the tracing point .starts, or ('onsidcr the invo- 
lutes de.scrtbed by different points of the string ; ami these will, in 
general, be different curves. But the following section showti th.'U 
there is but one evolute. 


22. I.et A It be any curve, J*Q a ][tortion of on involute, 
tio-sitions of the free part of the .string. It will be seen at once 
that these must be tangents to the arc 
AE nt / and Also the string at 
any stage, os ultimately revtflvcs 
about/. Hence //^is normal (at per- 
pendicular to the tangent) to tlie curve 
I*Q, And thus the evolute of is 
a definite curve, viz. the envehsp of (or 
line which is touched by) the normals drawn at every i>oint of PQ, 
or, which is the rame thing, the locu.^ of the crtitre.-i of the circles 
which have at each point the ».ime tangent and curvature as tho 
curve PQ, And we may merely mention, as an obyioos result of tha 
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mode of tradog, that the arc qp is equal to the difference of 
pFf or that the arc pA is equal to pF, Compare § 104. 

23. The rate of motion of a point, or its rate of change of poshUortf 
is called its Vdociiy. It is greater or less as the space passed over 
in a given time is greater or less; and it may be uniform^ he., the 
same at every instant ; or it may be variable. 

Uniform velocity is measured by the space, passed over in unit Of 
time, and is, in general, expressed .in feet or in metres per second j 
if very great, as in the case of light, it may be measured in miles per 
second. It is to be observed that Time is here used in the abstract 
sense of atmiformly-increasing quantity — what in the differential cal' 
cuius is called ah independent variable. Its physical definition is 
given in the next chapter. 

24. Thus a point, which moves uniformly vdth yelodty w, describes 

a space of v feet each second, and therefore vt feet in t seconds, 
t being any number whatever, jputting s for the space described 
in / seconds, we have s = vi. 

Thus' with unit velocity a point describes unit of space in unit of 
time. 


25. It is well to Observe here, that since, by our formula, we have 


generally 


s 


and since nothing has been said as to the' magnitudes of s and /, vf& 
may take these as small as we choose. Thus -we get 'the same result 
whether we derive v from the space describid in a million seconds, or 
from that described in a millionth of a secmd. This idea is very useful, 
as it makes our results intelligible when a variable velocity has to be 
measured, and we find ourselves obliged to approximate to its value 
(as in § 28) by considering the space describedJn an interval so 
short, that during its lapse the velocity does not sensibly alter in value. 


20. When the point does not move uniformly, the velodty is 
variable, or- different at different successive instants : but we define 
the average velocity during any time as the space described in that 
time, divided by the time ; and, the less the interval is, the more 
nearly does the average velocity coincide with the actual velocity at 
any instant of the interval. Of again, we define the exact velocity at 
any instant as the space, which the point would have described in one 
second, if for such a period it kept its velocity unchanged. 


27. “That there is at every instant a definite velocity for any moving 
point, is evident to all, and is matter of everyday conversation. 'Thus> 
^ railway train, after starting, gradually increases its speed, and every 
one understands what is meant by saying that at a particular instant it 
moves at the rate of ten or of fifty miles mi hour, — although, in the 
course of an hour, it may not have moved a mile altogether. We 
may suppose that, at any instant during the motion, the steam is so 
adjusted as to keep the train running for some time at a uniform 
VeioelQr. This is the velocity which the train had p.% the instant in 
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question. Without supposing -any such definite adjustment of the 
driving-power to be made, wc can evidently obtain an approximation 
to the velocity at a particular instant, by considering (§ 25) the 
'motion for so short a tune, tkit during that time the actual ■variation 
of speed may be small enough to be neglected. 

28. In fact^ if v be the velocity at cither beginning or end, or at 
any instant, of an interval /, and .r the .space actually described in 

that interval j the equation , (which expresse.s die definition of 

the average velocity, §^6) is more and more nearly true, as the 
velocity is more nearly uniform during the interval /j so that if we 
take the interval small enough the equation may be made as ncarlv 
exact as we choose. Thus the set of values — 

Space described in one second, 

Ten times the space described in the first tenth of a second, 

A hundred „ „ „ hundredth „ 

and so on, give nearer and nearer approximations to the velocity at 
tlie beginning of the first second. 

The whole foundation of Newton's difTerential calculus is, in fact, 
contained iu the simple (picstion, ‘What is the rate at which the 
space described by a moving point increases?* i.e* What is the 
velocity of the moving point? Newton’s notation for the velocity, 
i.e. the rate at which s increases, or the Jluxim of x, is jf. This 
notation is very convenient, os it stives die introduction of a second 
letter. 

29. llie preceding definition of velocity is equally apjilicable 
whether the point move in a straight or a curved line ; but, siuci^ 
in the latter case, the direction of motion continually changes, die 
mere amount of the velocity is not sullicient completely to dcscrilie 
the motion, and we must have in evCiy such case additional data 
to thoroughly specify the motion. 

In such cases aa this the method most commonly employed, 
.whether we deal with velocities, or (as we shall do farther on) with 
accelerations and forces, consi.sts in studying, not the vcleicily, uccclch 
ration, or force, dimtiy, but its resolved parts parallel to any three 
assumed directions at right angles to each other. Thus, for a train 
moving up an incline in a N,K. direction, wc may have the whole 
velocity and the steepness of the incline given ; or we may express 
the same ideas thus — the train is moving simultaneously northward, 
eastward, and upward — and the motion as to amount xmd direction 
will be completely known if we know separately the norUiwartl, eas^ 
word, and upward velocities— these being called the m/t/ow/tfs of 
the whole Velocity iu tiio three mutually perpendicular dircctioos 
R, E., and up. 

30. A velocity in any direction may tie resolved in, ana perpen* 
dicular to,, any other direction. The first component is found by 
multiplying the velocity by the cosine of the angle between the two 
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<Jirections ; tlie second by tising as factor the sine of the sahae angle. 
Thus a point moving with velocity V up an Inclined Plane^ making 
an angle a the horizon, has a vertical velocity Fsina and a 
horizontal velocity Fcoscu^ 

Or it may be resolved into ^mponents in any three rectangular 
directions, each component being found by multiplying the whole 
velocity by the cosine of the angle between its direction and that of 
the component. The velocity resolved in aiiy direction is the sum 
of the resolved parts (in that direction) of the three rectangulw com-^ 
ponents of the whole velocityi And if we consider motion in one 
plane^ this is still true^ only we have but (m rectangular com* 
ponents. 

31. These propositions, are virtually equival^t to the following 
obvious geometric^ construction ; — 


To compound any two velocities as OA, OB in the figure ; where 
OA^ for instance, represents in magni- 
tude and direction the. space which 
would be described in one second by 
a point moving with the first of the 
given velocities — and similarly OB fo| 
tiie second; fix)in.<4 draw parallel 

^ and equal to OB. Join OCx then OC 

^ A. is the resultaint velocity in. magnitude 



aftd direction. 

OC is evidently the' diagonal of the parallelograin two of whose 
sides are OA^ OB, 

Hence the resultant of any two velocities as AC^ in the 
figure, is a velocity represexxtea by the third side, OiZ of the triangle 
OAC. 


Hence if a point have, at the same time, velocities represented by 
OAf A C, and COt the sides of n triangle foAen in the. same ord^^ (t 
is at rest 

Hence the resultant of velocities represented by ttie sides of aay 
closed polygon whatever, whether in one plane or not, taken aU iik 
the same order, is zero. 

Hence also resultant of velocities represented by all the sides 
of a jiolygon but one, taken in order, is represented by that one 
taken in the opposite direction. 

When there are two velocities, or three velocities, in two or in 
three rectangular directions, the resultant is the square root of the 
sum of their squares ; and the cosines of its inclination to the given 
directions are the ratios of the components to the resultant 

32. The velocity of a point is said to be. accelerated cn retarded, 
according as it increases or diminishes, but the word acceleration is 
generally used in eith^ sense, on the understanding that we nuy 
regard its quantitv as either positive or negative : and (§ 34) is 
fiiither generalized so as to include change of direction as well, as 
change of speed. Acceleration of velocity may of course be either 
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smiform or variable. It is said to be uniform ti/hen the point receives 
equal increments of velocity in equal times, and is thc*n measured by 
the actual increase of velocity per unit of time. If we choose as tlie 
unit of acceleration that which adds a unit of velocity per unit of 
time to the velocity of a point, an acceleration measured by a will 
add a units of velocity in unit of time — and, therefore, units of 
velocity in / units of time. Hence -if v be the cluuij^e in the velocity 
during the interval /, 

V » af. or a - y. 

83. Acceleration is variable when the point's velocity does not 

receive equal increments in successive c(iual periods of tune. It is 
then measured by the increment of velocity, winch wouhl havedicen 
generated in a unit of time had the aeccicration remained throughout 
that unit the same as at its commencemenL The a<'celcra- 

tioii during any time is the whole velocity gained during that tiiuqi 
divided by the time. In Newton's noUttion is used to express the 
acceleration in the tlirection of motion j and, if as in § 38, wo 
have a « ■» v ~ s, 

84. But there is anotJhcr form in which accelenition may m.inttest 
itself. ICvcn if a point's velocity remain uneli.'ingci), yet if its 

Hon of motion change, the rcsolveil parts of its velocity In fixed 
•directions will, in general, be accelerated. 

Since acceleration is merely a change of the component velocity 
in a stated direction, it is evident that the laws of composition and 
resolution of accelerations ore the same as those of velocities. 

We therefore expand the definition just given, thus ; —Acceleration 
is the rate of change qf vdocUy whether iheU chan^ //tw m 
'direction if motion or not. 

36. What i.s meant by change of velocity is evident from § 31 . 
For if a velocity OA become its ch.ing.c is At\ or cV/. 

Hence, just as the direction of motion of a ]toint is the tangent to 
its path, so the direction of acceleration of a moving 
point is to be found liy the following construction:— 

From any point O, clniw lines OI\ ere., repre- 
senting in magnitude and direction the vclot;ity of the 
moving point at every instant (Comp.trc fj qq.) The 
points, E, <2, etc., must fonn a continuou:! curve, for 
(§ 7 ) OP cannot cliange af*nfih in tlirta tion. Now 
if (7 be a fioint near to P, OP ami OO rcprc-;rnt two 
successive value.s of the velocity. Heme PQ is the 
whole change of vclor-ity during the interval. As the 
interval beianucfi smaller, the ilirei tion PQ nune ami nutre nearly 
become.s the tangent at P, Hence the diicf tiou of aCt rlc ratio ti If 
that of the tmgent, to the curve thus desnibed. 

The magnitude of the accederatton is the lato of change of velocity, 
and is therefore measured by Uie velocity of i-'in tire curve PQ. 
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L 6 t a I point describe a circle, ABD^ radius R, with Unifomi 
velocity V, Then, to determine the direction of acceleratioti, we 
must draw, as below, from a fixed point • (7, lines OB, OQ, etc.> 
'representfeg the velocity at -ff,' etc., in direction and magnitudei 
.Since the velocity in ABD is constant, all the lines OB, OQ, .Gic., 

will be equal (to V), and there- 
fore BQS. is a circle whose 
centre is O. The direction of 
„ .acceleration at A is parallel to 
the tangent at B, that is, is per* 
pendicular to OB, i.e. to Aa, 
and is therefore that of the 
riidms AC. 

Now B describes the circle 
BQS, while .4 describes 
Hence the velocity of B is to 
that of A as OBtx> CA, le. as Bto R; and_ is therefore equal to 



and this (§ 35 ) is the amount of the acceleration in the' drculat patR 
ABB. 

87. The whole acceleration, in any direction is the sum of the 
components (in that direction) of the accelerations parallel to any 
three rectangular axes — each component acceleration being found 
by the same rule as component velocities (§ 34 ), that is, by multiply* 
ing by the cosine of the angle between the direction of the acodera^ 
tion and the liqe along which it is to be resolved. 

88 . When a point moves in a curve the. whole acceleration may 
be resolved intC two parts, 'One in the direction of the motion ana 
equal, to the acceleration of the velocity; the other towards the 
centre of curvature (perpendicular therefore to the direction of mo- 
tion), whose magnitude is proportional to the square of the velocity 
and also to the curvature of the path. The former of these changes 
the velocity, the. other affects ' only the form of the. path, or the 
direction of motion. Hence if' a moving point be subject to.- an 
acceleration, constant or not, whose direction is- continually perpen- 
dicul^ to the direction of motion, the velocity will not be .altered— 
and the only effect of the acceleration will be^to make the point 
move in a curve whose curvature is proportional to the acceleration 
at each instant, and inversely as the square of the velocity. 

89. • In other words, if a point- move in a curve, whether with a 
, uniform or a. varying velocity, its change of direction is to be re. 
garded as constituting an acceleration towards the centre of curva-- 
ture, equal in amount to the square of the velocity divided by the 
radius of curvature. The whole acceleration will, in every case, be 
the resultant of the acceleration thus measuring change of direction, 
and the-occel^ation of actual velocity along the curve. 
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40: If for any case of motion of a point we have given the whole 
velocity and its direction, or simply the components of the velocity 
in three rectangular dire'etions, at any time^ or, ns is most commonly 
the case, for any position ; the determination of the form of tho path 
described, and of other circumstances of the motion, is a question of 
pure mathematics, and in all cases is capable (if not of. an exact 
solution, at all events) of a solution to any degree of approximation 
that may be desired. 

This is true also if the total acceleration and its direction at every 
instant, or simply its rectangular components, i»e given, provided tho 
velocity and its direction, as well as the position of the point, at any 
one instant be given. But these are, in general, questions requiring 
for their solution a knowledge of the integral calculus. 

41. From the principles already laid down, a great many interest- 
ing results may be deduced, .of which we enunciate a few of the 
simpler and more important 

(a) If the velocity of a moving point be uniform, and If its direction 
revolve uniformly in a plane, the path described is a circle. 

0) If a point moves in a plane, and its component velocity 
parallel to each of two rectangular axes’ is proimrtional to its dis- 
tance from that axis, the patli is an ellipse Or hyperbola whoso 
jJrincipal diameters coincide, with those axes ; and tho acceleration 
IS directed to or from the centre of the curve at every instant 
(§§ 66 , 78). 

M If the components of the velocity parallel to each axis be etjui- 
multiples of the distances from the other axis, the path ia a straight 
line passing throagh the origin. 

^</) When . the velocity is uniform, but in a direction revolving 
uniformly in a right circular cone, the motion of the point Is in a 
circular helix whose axis is parallel to that of the cone. 

42. When a point moves uniformly m a circle of rndiuo E, with 
velocity F, the whole acceleration is directed towards die centre, and 

y9 

Jhas the constant value Sec § 36 . 

43. With uniform acceleration in the direction of motion, a poftit 
describes spaces proportional to the sr^uares of the times eliqwd 
since the, commencement of the motion. This is the case of a body 
falling vertically in vacuo under the action of gravity. 

this c&^ the space dacribed in any interval k th.it which would 
tx; described in the same time by a point moving uniformly ^with it 
velocity equal to that at tire middle of the interval. In other‘'w(jrds, 
Ae, average velocity (when the acceleration w unifomi) is, during any 
interval, the arithmetical mean of the initial and final velocities. For, 
since the velocity increases uniformly, its value at any time hpn the 
middle of the interval -is as much kss than this mean as its value 
at the same time after the middle of the interval h gnkter tlavn the. 
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mean t and hence its value at the middle of the intemii fiiiist be the 
mean of its first and. last values. ^ ^ 

In symbols; if at time ^ = o the velocity was T, then at time I it is 

w= V^at, 

Also the space described is equal to the product of the time by the 
average velocity. But we have just shown that the average velocity 15 
ta \ ( F+ VWat) s= 

and therefore ^hrVt-¥ \at\ 

Hence, by algebra, 

2 ax^V* + 2 Vat'-{‘ <3*/*=* ( F+ aff « 

or 

If there be no initial velocity our equations become 

Of course the preceding formulae apply to a constant retardation, aS 
in the case of a projectile moving vertically upwards, by simply giving 
a negative sign.. j 

44. When there is tmiforhi acceleration in a constant direction, 
&e path described is a parabola, whose axis is parallel to that 
direction. This is the case of a projectile moving in vacuo. 

For the .Velocity ’( V) in the original direction of motion remains' 
unchanged ; and therefore, in time /, a space Vt is described parail^ 
to this line. But ifa the same interval, by the above reasoning, we see 
that a space is described parallel to the direction of acceleration. 
Hence, '-d Ap be the direction of motion at Ay AB the direction 
of acceleration, “and Q the position of .'the point at. time,/;. 

p draw QP 'parallel to BAy meeting AP 'm 

f /] Pi then ^ 

^ / AP^Vty PQ-=laP. 

/ Hence 

// This is a property of a parabola, of which 

// the axis is parallel to AB'y AB being a 

^ diameter, and AP a tangent If Q be 

the focus of this curve, we know that 

^ ap^=> 40 a:pq. 

Hence 

ir» 

B = 

and is therefore known. Also OA is knovm in direction, for AP 
bisects the angle, OA C, between the focal distance of a point and 
the diameter through it, 

45. When the acceleration, whatever (and however varying) be" 
its magnitude, is directed to a fixed point, tihe path is in a plane 
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passing throng that point j and in this plane the areas traced out by 
radius-vector are proportional to the times employed. 

Evidently ther^ is no acceleration perpendicular to the plane con- 
taining the fixed point and the line of motion of the moving point 
at any instant; and there being no velocity perpendicular to this 
plane at starting, there is therefore none throughout the motion; 
thus the point^oves in the plane^ For the proof of the seconci 
part of the proposition we must make a slight digression.. 


. 46 . The Moment of a velocity or of a force about any point is 
the product of its magnitude into the perpendicular from the point 
upon its direction. The moment of the resultant velocity of a par- 
ticle about any point in the plane of the components is equal to the 
algebraic sum of the moments of the components, the proper sign of 
each moment depending on the direction of motion about the point. 
The same is true of mpments of forces and of moments of momentum, 
as defined in Chapter 11 . 

First, consider two component motions, AB and A C, and let AD 
be their resultant (§ 31). Their half-moments round the point O 
are respectively the areas OAB^ OCA. Now OCA, together with 
half the area of the parallelogram CABD, is equal to OBD, Hence 
the sum of the two half-moments together 
with half the area of the parallelogram is 
equal to A OB together with BOD, that is 
to say, to the area of the whole figure 
OABD. But ABD, a part of this figure^ 
is equal to half the area of the parallelo- 
^am; and therefore the remainder, OAD, 
is equal to the sum of the two half-mo- 
ments. But OAD is half the moment of the 
resultant velocity round the point O. Henqe the moment of the 
resultant is equal to the-sum of the moments of the two components* 
By attending to the sigtis oi the moments, we see that the proposi- 
tion holds when O is within the angle CAB, 

If there” be any number of component rectilineal' motions, we may 
compound them in order, my two taken together first, then a third, 
and so on) and it follows that tho sum of their moments is oQual to 
the moment of their resultant. It follows, of course, that the sum of 
the moments of gjiy number of .component velocities, all in one iplane 
into which the velocity of any point may be resolved, is equal to tho 
rnoment of their resultant, round any point in their plane. It follows 
.also, that if velocities, in different directions all. in one plane, be suc- 
cesavely pven to a moving point, so that at any time its velocity is 
their resultant, the moment of its velocity at any time is the sum of the 
moments of all the velocities which have been successively given to it# 



47. ^ Thus if one of the components always passes through the 
][wmt, its moment vanishes. This is the case of a motion in which 
the acceleration is directed to a fixed point, and we thus prove the 
second theorem of § -45, that in the case supposed the areas described 
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by the radins-vertor are proportional to the times j for, as we have 
seen, the moment of the velocity is double the .ntca traced out by the 
radius-vector in unit of time. 

48. Hence in. this case the velocity at any point .is inversely as 

the perpendicular from the fixed ■ point to the tangent to the path or 
the momentary directioii of motion. ^ 

For the product of this perpendicular^ and the velocity at any 
instant gives double the area described in. one second about the 
■fixed point, which haa just been shown to be ^ constant quantify. 

As the kinematical propositions- with which we aie^ dealing have 
important 'bearings on Physical Astronomy, we enunciate here Keplels 
'laws, of Planetary Motion. They were deduced 'originally ; from 
observation alone, but Newton explained them on physical principles 
and showed that they are applicable to comets as well as to planets. 

I. Each planet describes an Ellipse [with comets this may be- any 
Conic Section] of which the Sun occupies one focus.-, 

II. The radius-vector of each planet, describes equal ..areas.in 

equal times. . . w 

III. The square of the periodic time .|m an ^Uipl^c orbit^ is pro- 
portional to the cube of the major axis. 

Sections 45—47, taken in connexioii with the second , of these 
laiws, show that the acceleration .of the motion of a.planet -ordbmet 
is along the radius-vector. 

49. If, as in § 35, from any fixed pomt, lines be drawn at every 
instant representing in magnitude and direction the velocity of a point 
:describing any path in any manner, the extremities of these. lines 
form a curve which is called the Hodograph. The fi.xed point firoiq- 
which these lines are drawn is called the hodbgraphic origin. The 
inv.entiori of this construction is due to Sir W, K Hamilton; and- 
one of the most beautiful of the many remarkable theorems to which 
it leads is tlus ; The Hodograph for the motion of a planet or comet #x , 
always a drde^ whatever be t^ form and dimensions of the orbit. The 
proof will be given immediately. 

It was shown (§ 35) that an arc of the hodograph represents the 
change pf velocity of the movirig point dimng the corresponding 
time; and also that the tangent to the hodograph is parallel' to the 
direction, and the. velocity in the hodograph is equal to the amount 
of the acceleration of the moving point 

When the hodograph and its origin, and the velocity along it, or 
the time corresponding to each point of jt, are given, the orbit may 
easily be shown to be determinate. 

[An important improvement in nautical charts has been' suggested 
by Archibald Smith'. It consists in drawing a curv^ ' which may 
be. called the tidal hodograph with reference to any point of a chart 
for which the tidal currents are to be'’ specified throughout the chief 
tidal period (twelve lunar hours). Numbers from I. to XII. are placed 
at marked points along the curve, corresponding to the lunar houra, 

* Proc. R. s. 186$. 
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'Smith’s curve is precisely the Hamiltonian hodograph for an imagi- 
nary particle moving at each instant with the same velocity anil the 
same direction as the particle of fluid passing, at the same instant, 
through the point referred to.] 

60 , In the case of a projectile (§ 44), the horIj:ontaI component 
of the velocity is unchanged, and the vertical component increases 
unifonnly. Hence the hodograph is a verticaj straiy.ht line, whose 
distance from Ihe origin is the horizontal velocity, and which is 
described uniformly, 

61 , To prove Hamilton's proposition {§ 49), let be a portion 
•of a conic section and one focus. Let P move so tliat SP 
describes equal areas in equal times, that is 48), 
let the velocity be’ inversely as the per[)emlicul.ir 
aSK from S to the tangent to the orbit. K AJi'P 
be an ellipse or hyperbohv, the intersection of the 
perpendicular with the tangent lies in the circle 
VAZ, whose diameter is the mdjor axis. Protluca 
KS to cut the circle again in Z. Then }'A.SZ is 
constant, and tlierefore SZ is inversely as that 
is, SZ is proportional to the velocity at /’. Al‘ii> 

.Sir is periiendicul.ar to the direction of motion /’F, 
and thus the circular locus of Z is the hiulogcaph turned througli .n 
right angle about A' in theitlane of the orbit. be a pai.tbol.i,, 

AV isa. straight line. lUit if another point f/bc taken in J*.V pro- 
duced, so that yS.SC/h I'onstant, the loeus of f/i;i e.isily seen tube a 
circle. Hence the proposition i.s gcner.tily true for all etmic “.n titai'i. 
The hodograph surrounds its^ origin [us tlie figure tihowrij if the orbit 
be an ellipse, passes through it when the orbit is a parabola, and the 
origin is without the hodograph if the orbit is a hypcrbuhi. 

62 , A reversal of the demnnstr.itiuu (»f f, 51 ‘.htovi that, if the 
acceleration be towards a fixed pdint, and jf the hmingr.ij^ lie a 
circle, the orbit must be a conic section of whii:h the iiixeTf pumt 
is a foen.s. 

-Bitt wc may also prove this important proposition as foUuw»i 
Let A be the centre of the circle, and 0 the hodographic origin. 
Join OA and draw the perpendiculars 
PM to OA and OJV to PA. Then OP 
is the velocity in the orbit ; and OJV, being 
parallel to the tangent at P, is the direc- 
tion of acceleration in the orbit; and is 
therefore parallel to the radius-vector to 
the fixed point about which there is equable^ 
description of areas. The velocity parallel 
to the radius-vector is therefore OM, and 
the velocity perpendicular to the fixed line 

OA k PM, But - /^.ssconstarit 
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Hence, in the orbit, the velocity along the radius- vector is pi 
portional to that perpendicular to a fixed line : and therefore t 
radius-vector of any point is proportional to^ the distance of tl 
point from a fixed line — a property belonging exclusively to t 
conic sections referred to their focus and directrix. 

63. The path which, in 'consequence of Aben-ation^ a fixed st 
seems to describe, is the hodo^aph of the earth’s orbit, and 
tlierefore a circle whose plane is parallel to the plane of t: 
ecliptic. 

54. IVIien. a point moves in any manner, the line joining it wi 
a fixed point generally changes its direction. If, for simplicity, -v 
consider the motion to be confined to a plane passing through tl 
fixed point, the angle which the joining line makes with a^ fixed lii 
in the plane is continually altering, ancl its -rate of alteration at ai 
iinstant is called the An^dar Vdodiy of the first point about tl 
second, .If uniform, it is of Course mcasuretl by the angle doscribi 
in unit of time; if variable, by the angle which would have bt'< 
described in unit of time if the angular velocity at the instant 
question were maintained constant for so long. In this respect tl 
process is precisely similar to that which we have already oxpIaiiK 
for the measurement of velocity and acceleration. 

We may also speak of the angular velocity of a moving plar 
with respect to a fixed one, as the rate of increase of the ang 
contained by them ; but unless their line of intersection remain fixe 
or at all events parallel to itself, a somewhat more laboured statemei 
is required to give a complete specification of the motion, 

65. • The unit angular velocity is tliat of a point which describe 
or would describe, unit angle about a fixed point in unit of time, Id 
usual unit angle is (as explained in treatises on plane trigonometry) th 
which subtends at the centre of 9 . circle, an arc whose length is equ 

X 

to the radius; being an angle of = S 7 ®‘ 29 S 78 ... « S 7 ®i 7 ' 44 '' 
nearly. 

56. The an^lar velocity of a point in a plane is evidently to 1 
found by. dividing the velocity perpendicular to the radius-vector I 
the length of the radius- vector., 

57. Wben tire angular velocity is variable its rate of increase < 
diminution is called the Angular Acederdiion^- and is measured wit 
reference to the same unit angle. 

>58. When* one -.point- describes Uniformly a' circle about ano’the 
the^ time of describing a complete circumference being T, we hav 
the dngle aw described unifoi^y ia.iT; and, therefom, the angqlt 

• * 27r 

velocity 13 , Even wheq, the angulay velocity is not uniform, as i 

'a- planetfs motion, it is useful to introduce. tJie quantity which i 
'then called the angular velocity. 
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SO. When a point moves uniformly, in a straight’ line its angular 
■velocity evidently diminishes as it recedes from the point about 
•which the angles are measured, ami it may easily he shown that 
it varies inversely as the sipiare of the distance from this point. 
The same jtroposition is true for patli, when tin; acceleration i:: 
towards the ptiint about which tlie aiiides are measured : being 
tnierely a different mode of slating the result of «.> .pH. 

60 . 7'he intensity of heat and light emanating from a point, tu- 
from a uniformly radiating spherical surface, diiniiii:ilies aei ording. to 
the inverse st^uarc of the di.stancc from the centre. Hence thy r.ite 
•at which a planet receives heat and light from the sini varies in 
simple proportion to the angidar velocity of the radius-vector, I b’lu (.i 
the wlu)le heat and light received by tlie planet in any time is pio- 
poitional to the whole angle turned through l>y its radius vet tor in 
the same time. 


61 . A further instance of this use of the idea of angular veli»i ity 
may noW' be given, to srdve the problem of tinding the hoiiog.i.iph 
35) for any case of motion in which tlie aeceler.itum i'.' dirci tnl to 
fixed ])oint, and v.irie:; inverj.ely as the j.tiu.ire of the distance tiom 
(that point. I'he vcloi ity of J\ in the liodogr.iph JW being tlu; 
acceleration in the orbit, , varies inversely as the syuare of the 
radius-vector; and therefore {.'i 50) directly as tint 
angular velocity. Heitce the an: of FiJ, desi libed 
in any time, is proportional to the corresponding 
anglc-vee.lor in the orbit, i.e.-to the angle through 
which the tatigent to JX> has turned. Hence (;’j y) 
the curvature of 2%) is constant, or 2*Q. w circle. 

This demonstration, revereed, proves that if the 
hodograph be a circle, and the .nci'cleration be to- 
wards a fixed point, the aeeelei.it ion varies inveisiely 
as the sipuirt' of the di.stancc of the muviiig jioint 
from the lixed point. 



62 . From dr, 53, it follows that wlien a particle moves with 
Acceleration towards a fixed point, varying invrr.sriy as the square 
of the distance, its orbit is a eonir section, with tins point for one 
focus. And conversely (‘’‘i 47, 51, 552), if the mbit be a < onii- sec- 
tion, the acceleration, if lowanls cither focus, vaiics inversely as the 
-square y if the distance : <ir, if a point uuncs in a conic ’.i-ction, 
•describing equal areas in equal limes by a i.ulius vector ihiuugU 
:a focu.s, the acceleration is always towards the; focus, ami vanes 
inver.scly as the square of the distance. Compare this wiili the fn.st 
and .second of Keplcr’.s Law.s, li 48, 

63 , All motion that we are, or can be, aequainted with, is k\ 2 ais:r 
merely. We can calculate from asirmumiit-.d data fur auy inst.mt 
.lire direction in which, and the velocity with wliich, we arc moving 
on account of the earth’s diurnal rotation. We m.ty compound this 
with the (cqu.ally calculable) velocity of the earth in its orbit, 'riiis 
ucsuUant again we may comiiouad with the (roughly-known) velocity 

Voi, 2 a— a 
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of the sun relatively .to the so-called fixed stars; hut, even if r 
these elements were accurately known, it could not be said that v 
had attained any idea of an absolute velocity ; for it is only the sun 
relative motion- among the stars that we can observe; and, in j 
probability, sun and stars are moving on (it may be with inco 
ceivable rapidity) relatively to other bodies in space. Wo must ther 
fore consider how, from the actual motions of a set of bodies, v 
may find their relative motions with regard to. any one of them ; in- 
how, having given the relative motions of all but one with . regard '■ 
the latter, and the actual motion of the latter, we may find the actu 
motions of all. The question is very easily answered. Consid 
for a moment a number of passengers walking on the deck of 
Steamer. Their relative motions with rcga.rd to the deck are what v 
immediately observe, but if Ve' compound with those the velocity 
the steamer itself we get evidently their actual motion relalively ; 
the earth. Again, in order to get the relative motion • of all wl 
regard to the deck, we eliminate the motion of the steamer alt 
gether; that is, we alter the velocity of each relatively to the car 
by compounding with it the actual velocity of the vessel taken 
a reversed direction. 

Hence to find the relative motions of any set of bodies with rcgai 
to one of their number, imagine, impressed upon each in compositit 
with its own motion, a motion equal' and opposite to the motion 
that one, which will thus be reduced fo rest, while the m'otions of tl 
others will remain the' same with regard to it as before. 

Thus, to take a very simple example, two trains arc running 
opposite directions, say north'and south, one with a velocity of fill 
the other of thirty, miles an hour. The relative velocity of the secor 
with regard to the first is to-be- 'found by imagining impressed < 
both a southward, velocity of fifty miles an hour; the effect of tl 
•being to bring the first to rest, and to ^ive the second a southwa 
velocity of eighty miles an hour, which, is the ‘required relati 
motion. 

Or, given one train moving north at the rate of thirty miles ; 
hour, and another moving west at the rate of forty miles an hoi 
The motion of the second relatively to the first is at the rate of fil 
miles an hour, in a south-westerly direction inclined to the due w( 
direction at an angle of tali'"* f. It is needless -to multiply/ su 
examples, 'as they must occur to every one,. 

64. Exactly the same remarks apply to relative as compared wi 
absolute acceleration, as indeed wc may . see at once, since accclci 
tions are in all cases resolved and compounded by the same law 
velocities, 

65; The following proposition m relative motion is of consid( 
able importance : — 

Any two moving points describe similar paths relatively to ca' 
other and relatively to any point which- divides in a constant ml 
•the line joining them. 
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Let A and J? be any simultaneous rsositions of thd points. Take 
G or G' in- AB sucE that the ratio •>, ,7 or has a constant 

GB Cr h 


v^ue. Then,, as the' form of the relative — 

path depends only upon the length and (r' A G B 

direction of the line joining the two points at any instant, it is obvious 
that these will be the same for A with regard to i>', as fur />’ with 
regard to A, saving, only the inversion of the direction of the juining 
line. Hence i?’s path about yi k A'a about B turned throngii two 
right angles. And with regard to G and G' it is cviilent that the 
directions remain the same, while the lengths arc altered in a given 
ratio; but this is the definition of similar curves. 

66. An excellent example of tlie transformation of rrlative into 
absolute motion is afforded by the family of CycioU.w We shall in 
a future section consider their mephanical description, by the rW'/nx' 
of 0. circle on a fixed straight line or circle. In thet meatitinu*, wc 
take a different form of statement, which however leads to laccir.cly 
the same result. 

The actual path of a point which revolves uniformly m ;i circle 
about another point — the latter moving uniformly in ;i ;,tr, tight Imc 
or circle in the same jilane — belongs to the family of Cyt loiiis. 

67, As an additional illu.stration of this part of our .subjet :t, we 
may define as follows : 

If one point A exec.utes any motion whatever with ivlerenee t«y 
a second point i/; if i? executes any other motitm with rej'ereut c 
to a third point C; and so on — the first is said to tweentr, with 
reference to the last, a movement which is the resultant of these 
'several movemerr/is. 

The relative po.sition, velocity, and acceleration are in fiucli a ca'a* 
the geometfical resultants of the various components ciMubimnl 
according to preceding rules. 


08. The following practical methods of cffe< ling sm h a c.nn- 
bination in the .simple case of tlic inovemeats of two points are 
useful in scientific illustrations and in certain mechanical att.uigc- 
'ments.^ Let two moving points be joined by a unifurui elastic siting; 
the middle point of tins string will evidently execute a movetmait 
which is /laif the resultant of the motions of the two points. Hut Ibr 
drawing, or engraving, or for other jucchanical appUcatiunn, tho 
following method is preferable a— 

CA^and JSB are rod.s of eijiuU length moving freely round a pivot 
.at P, which passes through the middle point 
of each — CA^ AD, ISB, and 7//'’ are rods of 
half the length of the two former, and so 
pivoted to them as to form a pair of equal q 
jthornbi CD, DP, whose angles can be altered- 
at will. Whatever motions, whether in a plane, 

.or in space of three dimensimis, be given to • 

A and B, jPwill evidently ht subjected to half 
diiiZr multaiiL 
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69. Amongst the most important classes of motions which' vs 
have to consider in Natural Philosophy, there is one, namely, 
monk Motion, which is of such immense use, not only in ordinal 
Icinetics, but in the theories of sound, light, heat, etc., tluat we mal< 
no apology for entering here into some little detail regarding it. 

70, JDcf. When a point Q moves uniformly in a circle, the pe 



pendicular <2-^ drawn from its position at ai 
instant to a fixed diameter AA' of the circl 


intersects the diameter iir a point whoi 
position changes by a smj)k harmonic motion. 

Thus, if a planet or satellite, or one of tl 
constituents of a double star, be suppo.sccl i 
move uniformly in a circular orbit about i 
primary, and be viewed from a_ very dista: 
position in the plane of its orbit, it will appe 
to move backwards and forwards in a slraig' 
line with a simple harmonic motion. This is nearly the case wii 
such bodies as the satellites of Jupiter when seen from the earth. 

Physically, the interest of such motions consists in the tact of tlu 
being approximately those of the simplest vibrations of soundii 
bodies such as a tuning-fork or pianoforte-wire ; whence their naim 
and of the various media in which waves of sound, light, heat, el( 


are propagated. 


71. The Amplitude of a simple harmonic motion is the range c 
one side or the other of the middle point of the cour.se, i. c. OA ^ 
OA' in the figure. 

An arc of the circle referred to, or any convenient angular rec 
•oning of it, measured from any fixed point to the uniformly movii 
point Q, is the Argument of the harmonic motion. 

[The distance of a point, performing a simple harmonic motio 
from the middle of its course or range, is a simple harmonic ftmctl 
i)J the. time; that is to say 

a cos {ni - e), 

where a, n, e are constants, and t represents time. The argument 
this function is what we have defined as the iirgumcnt of the motio 
In the formula above, the argument is 7it- el] 

The Epoch in a simple harmonic motion is the interval of tin 
which elapses from the era of- reckoning till the moving pointjfii 
comes to its greatest elongation in the direction rcckpncd as positiv 
from its mean position or the middle of its range. [In tixe formu 
above, put in the form 

cco^n{t-^, 

£ * 

- is the epoch.] Epoch in angular measure is the angle dcscrib( 

on the circle of reference in the period of time defined as the cpoc 
[In the formula, e is the epoch in angular measure.] 

The Period of a simple liarmonic motion is the tunc jvhich elaps 
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from any instant until the moving point again moves' in the same 
direction through the same position, ami is evidently the time of 
revolution in the auxiliary circle. [In the furinula- the period is 


The Phase of a simple harmonic motion at any instant is an 
expression used to designate the part of its whole pniod which it 
has reached. It is borrowed from the jiupular expression ' phases of 
the moon.’ Thus for Simi>le Harmonic Mtitiou we may call the 
fitst or zero-pitttse that of passing through the middle position in the 
positive direction. Then follow the. successive phases (luartcr-periiui, 
half-period, three-quarters-period, and complete periotl or return to 
zero-phase. Sometimes it is convenient to reckon phase by a number 
or numerical e.xpression, which may be either a recktmiug td’ anpje or 
a reckoning of time, or a fraction or multiple of the ja-riuib 'rfuis 
the positive mtiximum plmse may somelimc.s be ciilicd tlie yo‘* phase 

or the phase or the three-hour phase, if the period be xx lunirs, <ir 

the quarter-period phase. Or, again, tlu* phase e>f half w.iy down 
from positive maximum may be desmibed as tim xeo" piiasi- or the 

phase, or the ^ period phase. This particular way of specifying 
3 

phase is simply a statement of the argimumt as defnifd above ami 
measured from the point corrc.sponding to positive mutinn through 
tlic middle position. 

■ 72, Those common kinds of mcch.anisrn, for producing rectilineal 

from circular motion, or ince vtnA^ in wliicli a crank moving in 
a circle works in a straight slot belonging to a litnly which »-an 
only move in a sl^raight line, fulfil strictly the defmitiou of a simple 
harmonic motion m the ]>art of which the motinu i:; n-i tihurah it the 
motion of the rotating part is unilbrm. 

The motion of the treadle in a spiimmgavhetl approsmiati-i to 
"the same condition when the wheel moves uuifonuly ; the .qipnoa. 
mation. being the clost.'r, the smaller is the angular ^motion of the 
trcadle^^and of the connecting .string. It is also appu»xiina{r«l to 
more or less closely in the motion of the I'iston of n .steam engine 
connected, by any of the .several method:; in 
use, with the crank, provided alw.ay.s the ro- 
tatory motion df the crank be uniform. 

_ 73. The velocity of a point executing a \ 

simple harmonic motion is a simple harmonic / \ 

function of the time, a quarter of a peridd I ^ ) 

earher in pha.se than the displacement, and V / 

haying it.s m:iximum value eiiual to the vc \ / 

locity in the circular motion liy whu:h the given 
function is defined. N 

For, in the fig., if V be^ the velocity in the circle, it may he 
represented by OQ, in a direction pcrperuFcular to its own, and 
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therefore by OP and PQ. in directions perpendicular to those lines.'' 
That is, the velocity oi P m the simple harmonic motion is 

Vot-^PQ:, which, when P passes through 0, becomes K 

74. The acceleration of a point executing a simple harmonic 
^motion is at any time simply proportional to the displacement from 
the middle point, but iri opposite direction, or^ always towards the 
middle point. Its maximum value is- that with which a velocity 
equal to that of the circiilar motion would be ^.cquired in the time 
in which an arc equal to the radius is described. 

ys 

For in the fig., the acceleration of Q (by § 36 ) is ^ along QO. 

Supposing, for a moment, QO to represent the magnitude of this 
acceleration, we may resolve it into QP, PO. The acceleration of 
P is therefore represented on the same scale by PO, Its magnitude 

is therefore PO, which is proportional to PO, and 

has at A its maximum value, an acceleration under which the 

velocity V would be acquired in the time as stated. Thus we 

have in simple harmonic motion 
Acceleration 




4?r® 

■ jTjr 


Displacement 

where T is the time of describing the circle, or the period of the 
harmonic motion. 


75. Any two simple harmonic motions in one line, and of one . 
period, give, when compounded, a single simple harmonic motion ; | 
of the same period; of amplitude equal 
to the diagonal of a parallelogram de- 
scribed on lengths equal to their am- 
plitudes measured on lines meeting at 
an angle equal to their difference of 
epochs; and of epoch differing from 
their epochs by angles equal to those 
which this diagonal makes with the 
two sides of the parallelogram. Let P 
and P be two points executing simple 
harmonic motions of one period, and in 
one line BBCAA*. Let Q and Q be the 
uniformly moving points in the relative 
J3' circles. On CQ and CQ describe a 

parallelogram SQC(X‘, and through .S draw SR perpendicular to 
PA' produced. We have PR ~ CP (being projections of the equal 
and parallel lines Q'S, CQ, on CR\ Hence CR= CP+ CP ; 
and therefore the point R executes the resultant of the motions P 
and P* But CS, the diagonal of the parallelogram, is constant 
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{since the angular velocities otCQ and CQ are equal, and therefore 
the angle QCQ is constant), and revolves -with the same angular 
velocity as CQ or CQ'\ and therefore the resultant motion is simple 
harmonic, of amplitude CS, and of epoch exceeding that of the 
motion of E, and falling short of that of the motion of E, by the 
angles ()C 5 and SC-Q respectively. 

This geometrical construction has been usefully applied by the 
tidal committee of the British Association for a mechanical tidc- 
incKciitor (comj)are § 77 below). An arm CQ turning round C 
carries an arm QS turning round Q. Toothed wheels, one of them 
fixed with its axis through C, and the others i)ivotcd on a framework 
carried by CQ, are so arranged that QS turns very approximately at 
the rate of once round in 12 mean lunar hours, if CQ be turned uni- 
formly at the rate of once round in 12 mean solar hours. Days and 
half-days arc marked by a counter geared to .C()'. The distance of 
6’ from a fixed line through C shows the deviation from mean sea- 
level due to the sum of mean solar and mean lunar tides for the time 
of day and year marked by CQ' and the counter. 

70 . The ctmstruction described in the preceding section exhibits, 
the resultant of two .simple harniunic motions, whether of the same 
period or not. [If they .arc very msirly, hut not exactly, of the same 
pcriotl, the diagonal of the parallelogram will not be constatrt, but 
will diminish Irom a maximum value, the sum of the component 
mnjilitude.s, which it has at tire Instant when the phase.s of the 
component motions agree ; to a. minimum, the. dilVerencu (tf those- 
amplitudes, which is its value when the pliases dilTer by half a period. 
Its direction* which always must be nearer to the greater than to the 
less of the two radii constitutingihe sides of the parallelogr^im, will 
oscillate on each side of the greater radius to a maximum deviation 
amounting on eilher'side to die angle whose sine is the le.ss radius 
divided by the gre.Ucr, .and reached when the less radius ileviatcs by 
thill log, ether with a quarter eireumferene.e, from the gre.iter. 'I’he 
full ]ieriod of this oscillation is the time in which either radius gams 
a full turn on the other. 'I'he resultant motion is tliercfurc not 
simple harmonic, but i.s, as it were, simple harmonic wiUt periodi- 
cally increasing .and diminishing amplitude, and with jieriodical 
aeccleraliun and rcturdalioiv of phase. This view is moat appropriate 
for the case in which the periods of the two component motions 
are nearly etjual, but the amplitude of one of them much greater than 
tliat of the other. 

7‘o find the amourlt of the maximum advance and maximum back- 
wardness of phase, and when they are experienced, let CA bo equal 
to tlie greater halfamplitude. From A aa 
centre, with AB the less li.'df-.amjilitude as 
radius, describe a circle. CVi touching this 
circle represents the most doviatml resultant 
Hence CBA is a right angle ; and (] 

muECA^'^. 
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The angle BCA thus found is the amount by which the phase of 
the resultant motion is advanced or rctardetl relatively to that the 
larger component; and the supplement of BCA is the ditlerence of 

E hase of the two components at the time of maximum advance or 
ackwardness of the resultant.] 

77 . A most interesting application of this case of the composition 
of harmonic motions is to the lunar and solar titles ; whicli, excejit 
in tidal rivers, or long channels or bay.s, follow each very nearly the 
simple harmonic law, and produce, us the actual result, a variation 
of level equal to the sum of variations that would be producetl by 
the two causes separately. 

The amount of the lunar tide in the equilibrium theory is alwut 
n times that of the solar. Hence the spring tides of this theory 
are 3*1, and the neap tides only i*x, each reckoned in terms of the 
solar tide; and at TOripg and neap tides the hour of high water is 
that of the lunar tide alone. The greatest deviation of the actual 
tide from the phases (high, low, or mean winter) of the lunar tide 
alone, is about *95 of a lunar hour, that is, *98 of a solar hour (being 
the same part of la lunar hours that a 8® a 6', or the angle whose 

sine is — , is of 360®). This maximum deviation will be in advance 
a‘i ' 

or in arrear according as the crown of the solar tide precedes or 
follows the crown of the lunar tide; and it will be exactly reached 
when the interval of phase between the two component tides is 3*95 
lunar hours. That is to say, tliere will be maximum advance of the 
time of high water approximately 4J days after, and muxiimim retar- 
dation the same number of day.s before, spring tides. 

78 . We may consider next tlie cose of equal amplitudes in the 
two given motions. If their periods are equal, their resultant is a 
simple harmonic motion, whose phase is at every instant the mean 
of their phases, and whose amplitude is equal 'to twice the ampli- 
tude .of either multiplied by the cosine of half the diflerence <jf 
their phase. The resultant is of course nothing when their phases 
differ by half the period, and is a motion of double amplitude atid 
of phase the same as theirs when they are of the same pluise. 

■When their periods are very nearly, but not quite, ecjual (their 
amplitudes being still supposed equal), the motion jiassies very slowly 
from the former (zero, or no motion at all) to the latter, an«l b.it k, 
in a time equal to that in which the faster has gone once oftciicr 
through its period than the slower has. 

In practice we meet with many excellent examples of this case, 
which will, however, be more conveniently treated of when we cume 
to apply kinetic prindplea to various subjects in practical mechanics, 
acoustics, and physical optics ; such as the marching of troops over a 
suspension bridge, the sympa^y of pendulums or tuning-foris, etc. 

70 , If any number of pulleys be so placed that a cord p.i-.-.ir g 
from a fixed point half round each of them has its free parts ail 
fa parallel lines, and if their centres be moved with simple harmonio 
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motions of npy ranges and any periods in- lines parallel to those 
lines, tlie iinauachetl end of tlie cord moves with a complex har- 
monic motion eipial to twice the sum of the given simple har- 
monic motions. This is the principle of Sir W, Thomson’s tide- 
predieting machine, constructed by the Priilsh Association, and order- 
ed to be placed in South ivensingtem Museum, availably fur general 
use in caleulaling beforehand for any port or other place on the sea 
for which the .simile harmonic constituents of the tide have been de- 
termined by the ‘harmonic analysis' applied to previous ohserva* 
tiuns*. We may exhibit, graphically, the various preceding eases of 
single nr comjjound simple harmonic motions in one line by curves 
in which the abscissae represent intervals of tiivuj, and the onlinates 
the corresponding diiitanccs of the moving point from its mean 
position. In the case of a siiif'le simjilc. harmonic nioiion, the 

corresponding curve wtuild be that descrilaal by the point J* in 

§ 70, if, while () maintained its uniform circular motion, the circle 
Were t<j move with uniform velocity in any direction periuauliciilar 
to OA. This construction gives the harmonic curve, or curve of 

sines, in which the onlin.Ucs are ]iroportiunal t«) the sines of the 

abscissae, tlie str.iight line in which i) moves being the axis of 
ubst ifisae. It is the sirnple.st possible form assumeil Iiy ;i vibrating 
string ; and when it is assumed that at each instajit the motion 
of every particle of the i.tring is simple liarmonic. When the 
harmonic motion is complex, bat in one line, as is the case 
for any i>oint in a violin-, harj>-, or pianoforte .string (ditlcring, 
as the,se tlo, from one another in their motions on account 
of the different rnotics of excitation used), a similar construction 
may be made. Investigation regarding (■om[jIt'x harmonic fimctioiiH 
has led to results of the highest importance, having their most 
general expression in Kun'cAs tn be prt'scnlly enunciated. 

We givt! bcliuv a gniphic rf[ue:;cnlati(m of tlie cnmiio'.ilion of two 
simple harmonic: mutions in one line, of amplitude'; and of 

periuthi which are as i : 2 and ;i'i 2 : .p the epochs being e;ich 
a (piartcr cinumferenee. 'i'he hmi/ont.d line is the axis of ab- 
6t'is-.ae of the curves; the verticid line to the left of tsuh being the 
axis of ordinates. In the first awe the slower inoliim goes through 

(Octave) aritlh) 




* Brilfsh Awawialioa Tidid Cammittcti'a KqK^rt^ 1M8, 1871, 18751 Oi* 
tuiupv m 714 (sft by Sir W. iliwaian (Collitw, Olajgpw, 1876). 



omonic motions in ditTerent directions. In th^ first place, we nee 
that any numt>cr of simple harmonic motions of one pcrio<!, and 
of the same phase, superimposed, produce a single simple harmonic 
motion of the same phase. For, the disphu ement at any instant 
being, according to the principle of the ctmipositiun of mutioni, the 
geometrical resultant of the displacements due to the < ompinjcnt 
motions sep.ir;ttcly, these eompuneut displafcuteats in the c.iric sujv- 
posed, all vary in simple proportion to one iinothcr, fttid are in 
constant directions. Hence the resultant dla|)kccmcnt will vary 
in sintple proportion to each of them, and will l>c in a constant 
direction. 

Hut if, while their neriods arc the same, the phases of the several 
component motions do not agree, the resultant nuitimi will generally 
be clliplic, with eijual areas described in ccpsal tiinca by the ratltus* 
vector from the centre ; although in particular eases it may Ikj uni- 
form circular, or; on the other hand, rectilineal and simple harmonic. 

81. To prove this, we may fir.sl consirlcr the case, in which we 
have two ctpial simnlc harmonu: nuttious given, uml thcKi in per- 
pentiicular lines, uru! ditlcring in phase by a quarter periiul. Thcjr 
ro.suUunt is a uniform circuhir motion. For, let i>A, KA’ be their 
ranges] ami from 0, their common miildle juiiiit as centre, dcM ulio 

n « iicle thuuigh A A' JUi'. Tbr Hi'cn tuoiinn 
of i’ in JLl Will be (§ fi’;) deiuicd by the 
iiiotinn (»f .1 point iP joinid the uji imitcimco 
of tins Ciulc; uud the ramr point, U iie»ung 
in the duct tiun mdicatcil t»y the arrow-, will 
give a timple harmonii: motion of i", in 
Ji'A^ a tpuutcr o'* u jicriod behind that of 
the motion of/* m MA> But, s.Uiic ADA, 
«iul QJ' O arc right angU-i, the figure 
*Q/^OPiH a iiarallclogram, and thetefore Q ii in the i.urijtjon tU the 
di.spl.ieemcnt compoutuicil of iU' .md ( U*’. Hrm r two equal rumple 
harmonic motions in perpendicular linfi, ui plta&rs duicimg !»y a 
■tjuarter periml, arc equivalent to a umtorm tinular motjKU of r.uiiUi 
■eipial to the nuiximunr dr'.pli« r£ncnt of either ftinglv, and in the i!urt> 
tion from tlic positive end tif the range ut t!jc lompojicnt tu advauco 
<!f the other tovvartii! tlie por.uivc end of the range <4 ihi'i Utter. 

82. Now, orthogonal ptojertions of simple harmonic rsiruions wo 
clearly simple harmonic wuti unch.ingcd |4use. Hence, if wc prii* 
jeet the case of § Hr on any pltnc, wc get motion m an cllqcir, «f 
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the circle of which this projection is taken ma^ dearly be found so 
as to fulfil the condition of having the projections of the ranges 
coincident with any two given mutually bisecting lines. Hence any 
two given simple harmonic motions, equal or unequal in range, and 
oblique or at rij^lit angles to one another in direction, provided only 
tfiey differ by a quarter period in phase, produce elliptic motion, 
having their ranges for conjugate axes, and describing, by the 
radius-vector from the centre, equal areas in equal times. 

83, Returning to the composition of any number of equal simple 
harmonic motions in lines in all directions and of all phases *. each 
component simple harmonic motion may be dc terra inately resolved 
into two in the same line, differing in phase by a quarter period, 
and one of them having any giyen epoch. Wo may therefore reduce 
the given motions to two sets, differing in phase by a quarter period, 
those of one set agreeing in phase with any one of the given, or 
with any other simple harmonic motion wo please to choose (i.e. 
having their epoch anything we please). 

All of each .set may (§ 75 ) be compounded into one simple 1m^ 
moni«: motion of the same iihase, of determinate amplitude, m a de- 
terminate line ; and thus the whole system is reduced to two simple 
fully-determined harmonic motions differing from one another in 
phase by a quarter period. 

Now the resultant of two simple harmonic motions,^ one a quarter 
of a period in advance of the other, in different lines, has lieen 
proved (§ 83) to be motion in an cllip.se of which the ranges of the 
component motions are conjugate axes, and in which equal areas 
are described by the radius-vector from the centre m equal times. 
Hence the proposition of § 80 . 

84. We must next take the case of the composition of simple 
harmonic motions of dijltrcni periods and in different line's. In 
general, whether these lines be in one plane or nCJt, the line of 
motion returns into itself if the periods ore commensurable ; and if 
not, not. This is evident without proof. 

Also we see generally that the composition of any number of 
simple harmonic motions in any directions and of any periods, may 
be effected by adding their components in each of any three rect- 
angular directions. The final resultant motion is thus fully expressed 
by formulae giving the rectangular co-ordinates as ‘complex hamtonic 
functions ' of the time. 

8 fe. By far the most interesting case, and by far the simplest, 
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The folldwing figures represent the paths "produced by the conw 
bination of simple harmonic motions of equal amplitude in two rect- 
angular directions, the periods of the components being as i : a, 
aiid the epochs differing successlyely by o^ i, a, etc., skteenths of 
a circumfereiTCe. 



In the case of epochs equal, or differing by a multiple of ir, the 
ciirve is a portion of a parabola, and is gone over twice in opposite 
directions by the moving point in each complete period. 

If the periods be not^ exactly as i : a the form erf the path pro- 
duced by the combination changes gradually from one to another 
of the series above figured j and goes through all its changes in the 
time in which one of the components gains a complete vibration on 
the other. 

86, Another ve^ important case is that of two pairs of simple 
harmonic motions in one plane, such that the resultant of each pair 
is uniform circular motion. 

If their periods are equal, we have a case belonging to those 
already treated (§ 8o), and conclude that the resultant is, in general,' 
motion in an elUpse, equal areas being described in equal tim^s 
about the centrk As particular crises we may have simple har- 
monic, or uniform circular, motion. 

If the circular motions are in the sdme direction, the resultant is 
evidently circular motion in the same direction. This is the case 
of the motion of 5 in § 75, and requires no further comment, as 
its poplitude, epoch, etc., are seen at once from the figure. 



periods very nearly equal, but the motions in apposite directions, 
■we have cases of great importance in modern, physics, one of ■which 
Is figured below (in genera!, a non-reentrant, curve). 



This is intimately connected with the explanation of two sets of 
important phenomena, —the rotation of the plane of jtolarization of 
ligiit, by tjuartz ami certain tluids on the one hand, and by trans- 
parent btHlies under magnetic, forces on the other. It is a case of 
the hypotrochoid, and its corresponding mode of de.scription will be 
descnlied in § 104, It may be exhibited experimentally a.s tlie path 
of a pendulum, hung so as to be free to move in any vertical plane 
throu|{!i its point of suspension, and containing in its bob a fly-wiicel 
in rapid rotation. 

88. flJeforc leaving for a time the subject of the comijosUion of 
Jiannon’m molions, we must enunciate Fouriev's 'rheorem, wUicli iii 
nut only one of tlie most licauliful resuU.s of nmilern analysis, Init 
jiiay Ik: said to furnish an indispensable instrument in thi‘ treatment 
■of nearly every recondite (piestion in modern physics. _To mention 
only sonorous vibrations, the propagation of electric signals aloufj 
a telegraph wire, and the conduction of heat by the earth’s crust, 
as subjects in their generality intractable without it, in to give Imt 
a feeble itlea of its importance. Unfortunately^ it is impu.ssilile to 
give a satisfactory proof of it without introducing some rather trouble- 
some analysis, which is foreign to the purpose of so elementary a, 
treatise as the present 

The following seems to be the most intelligible fonn in which it 
can be presented to the general reader : — 

TiiKuREM . — A complex harmonic funelion, •unth a conslant Urttt 
oAdedt is the proper expression, in mathematical languasi>^, for any 
arbitrary periodic ftthdion ; and consequently can capress wiy function 
mkateuer behmen definite values qf the mriabU 
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89. Any arbitrary periodic function whatever being given, the 
amplitudes and epochs of the terms of a complex harmonic function, 
which shall be equal to it for eyeiy value of the independent variable, 
may be investigated by the ‘ ihethod of indeterminate coefB dents.* 
.Such an investigation is sufficient as a solution of the problem, — ^to 
fin'd a complex harmonic function expressing a giv^n arbitraiy 
periodic function, — ^when once we are assured that the problem is 
possible-; and when we have this assurance, it- proves that the reso- 
lution is determinate ; that is to say, that no other complex harmonic 
function than the one we have found can satisfy the conditions.] 

90. We now pass to the consideration of the displacement of a 
rigid body or group of points whose relative positions are unalterable. 
The simplest case we can consider is that of the .motion of a plane 
^figure in its own plane, and this, as far as kinematics is concerned, 
is entirely summed tip in the result of the next section. 


91. If a plane figure be displaced in any way in its own plane,, 
there is always (with an exception treated in § 93) one point of it 
common to any two positions ; that is, it may be moved from any 
one position to any other by rotation in its own plane about one 
point held fixed. 

To prove this, let B be any two points of the plane figure in a 
iirst position, A', B’ the position of the same two after a displacement. 
The lines AA\ BB will not be parallel, except in one case to be 
presently considered. Hence the line equidistant from A and B 
will meet that equidistant from B and B' in some point O. Join 
OA^ OBy 0A\ OB', Then, evidently, because OA'^OAt OB'^OB^ 
s.\xd.A'JB—AB, the triangles OA'B' and OAB are equal and similar. 
Hence O is similarly situated with regard to A'B' and AB^ and 
is therefore one and the same point of the plane fi^re in^ its 
two positions. If, for the sake of illustration, 
we actually trace the angle OAB upon the 
plane, it becomes OA'B in the second posi- 
tion of the figme. 

92. If from the equal angles A'OBf A OB 
of these similar triangles we fake the com- 
mon part A'OBf we have the remaining 
angles A OA', BOB equal, and each of them 
is clearly equal to the angle through which 
“B the figure must have turned round the point O 
to bring it from the first, to the second positiOa 

The preceding simple construction therefore enables us not only 
to demonstrate the general proposition (§ 91), but also to determine 
from the two positions of one line AB^ A’B . of the figure the 
common centre and the amount of the angle of rotation. 

93. The lines' equidistant from A, and A'^ and from B. and. B\ 
are parallel if AB is parallel to A'B' i and’ therefore the constmctioil 
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laiTs, the point O l>eing infinitely jf 

distant, and the theorem becomes / — 

nugatory. In this <'a.se the tnotion is / / 

in fact a simple translation of the / / 

figure in its own plane Avithout rota- ^ — — — ^ 

tion— .s'inre as AJf is parallel and etpial ^ 

to yl'/s Ave have A A' parallel and eiiual to and instead of 
there being one itoinc of the figure commoi\ to botli positions, the 
lines joining tlie successive positions of every point in the figure arc 
equal and parallel 

_ 94. It is not nccessaiy to suppose the figure to be a merq ira& 
disc or plaue-“for the preceding statements apply to any one of a 
Set <'f parallel jilanes in a rigid lj(.)dy, moving m any way subject to^ 
the coiuUtiou tliat the points of any one pkine in it remain always ia 
a fi.Kcd plane in space. 

65. There is yet a case in which the construction in § gi- is 
nugatnn'— that is when AA' is parallel r% 

to^ JUi\ !mt AJi inteniects A'Jf. In 
tins case* however, it is easy to sec at 
once that this point of intersection is the 
point D required, although the former A 
method would not have enabled us to W 

find it. 


00. Very many interesting applications of this principle may bo 
made, of svhich, however, few belong strictly to our subject, ana wo 
shall therefore give only an example -or ^two. Thus we know that 
if a line of given length AJi move with its extremities always in two 
fixed line;; OA^ OH, any point in it as i* describes an ellipse. (This- 
is pn»ve<l in 11 loi lulovv.) It is nMpiired to find the direction of 
inoiion of at any instant, i.e. tifdraw a tangent to the ellipse. 
JiA will pass to its next position l»y rotating about the point ^ j founcj 
•by the methotl of § 91 by drawing per- 
pendiculars to OA and OJ.l at A and 
//. I lence P for the instant revolves 
.about Q, and thus its direction of 
motion, or the tangent to the ellipse, 

Is perpendicular to QP, Also AJi in 
Its motion always touches a curve 
(called in geometry its envelop); and 
the same principle enables u.s to find 
the point of the envelop which lies m 
AJi, fur the motion of that point must 
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Again, fmpimid AE-DC ui a Jointed frame, AB having 
41 rrrj|.r,n'.tijnj.! !ui)U»,m .ilwut yl, and by a link /»*/> turnin|{ CD m 

. tid* same plane alwut C, Deter* 
,1 If a .t,., ...I.,:.,.. - - 


/ CD in any position. Evidently 

J'"" the iniitantiUK’ous direction of 

tiudiou of B is transverse to 
Al\ and of D tr;in‘ivcrr.e to CD — 
heiu e if AB, CD produced ineei 
t‘f ED is for an in -.t.uit a*t if it turned almut O. 


Ir to any rondnn.ition of machinery, and we shall find it' very 
•!.! ^‘.hr-n wr culuc to apply the principle of work in various 

•, td' Moi ‘.! usii 

in any turning in the plane tsf itn arms— the r.ate ot 


fruju o| Irvn talk'd the U/ti'A itttj Axle 

9H. bnu c, in Kcnnal, any nit»vemcnl of a plane figure in its plane 
fiiay hr < .inriidcffd as h rotaiion ahtml one luiint, it is eviilent thal: 
IV.. ( r.uth rut.iti.sjri may, in p.en*‘’‘*'*d, Ciunpoundeti inti) ont?^ and 
tlo-odMtr, i.|' couf'ir, ih»* Ji.iuir may be dom* with any unndter of 
,K. I hus Irt A .md /«’ be thr pMint*. tif the tip, are nlKUit wliich 

su t - -u.-n tlif i.il.ui.Jiri ait- to t.ikc plu e. by rotation uliout 
A, /« i. -..ly fo ./r, and by a lotabou a!.. .ui /f, A is !trim|.'ht 
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equal amounts and opposite directions, compound one of them 
with the given rotation by § 98 , and then conq)ound the other with 
the resultant rotation by tlic same process. Or -we may adopt the 
following far simpler method : — Let ^ 

OA be the trauslJtion common to B' 1 C, 

all points in the plane, and let I — T"”^ 

I>OC he the .angle of rotation 0 ~ 

about O, EO being drawn so that li 

OA bisects the exterior angle CON. Evidently there is a point 
i?' in EO produced, such that E'C, the space through which the 
rotation carries it, is equal and opposite to OA. This point retains 
its former position after the performance of the compound operation j 
so4hat a rotation and a translation in one plane can bo compounded 
into an equal rotation about a different axis. 


100, Any motion whatever of a plane figure in its owir piano 
might be produced by the rolling of a curve fixed to the figure 
upon a curve fixed in the plane. 

Fur we may consider the whole motion as made up of succcssivo 
elementary displacements, each of which 'corresponds, as we have 
seen, to an elementary nitaiion about some 
oint in the plane. I.et <9,, <9,, O,, et<;., 
e the sucre.ssive points of the about 
which the rotations take place, -(ji,, 
etc., the positions of these points on the 
when each is the instantaneous centre 
of rotation. 'I’hcn die figure rotates about 
O, (or which coincides with it) till O. 
coincides with then about the latter till 
C?g coincides witn 0 ^, and so on. Hence, if 
we join C>,, ()„, O^, etc., in the plane of the figure, and etc., 

in the fixed plane, the motion will he the .same afl if the polygon 
etc,, rolled^ upon the fixed polyg,on e, etc. Ily 
supposinfj the succc.ssive ilir.placements small enouj'h, the ^idcs 
of these polygons gradually dimini.sh, and the polygons finally 
become continuous curve.s. Hence the theorem. 



From thi.s it inimecUately follows, that any displacement of a rigid 
solid, which is in directions wholly perpendicular to a 'fixed line, 
may he produced by the rolling of a cylinder fixed in the solid on 
another cylinder fixed in space, the axes of the cylinders being 
parallel to the fixed line. 


101. As an interesting example of thus theorem, let us recur to the 
Case of § 96 ;~—A eiri'le may cviilently be circumscribed about OEQA ; 
and it must Ik: of invariable magnitude, since in it a chord of given 
length subtends a given angle Oat the circumference. Also OQ^ is 
a d»meter of this circle,- and is therefore constant. Hence, as () is 





KINEMATICS, 


35 



104. Jb be a diameter of the generating (or rolling) drclo^ 
B C die Hn^ on which it rolls. The points A and B describe similar 
and cfiiial cycloids, of which A QC OiM BS are portions. If 
be any subsequent position of the generating circle, <2 and S the 
new positions 9! A and B, QBS is of course a right angle. If, 
therefore, QB be drawn parallel t6 „ p 
PS, BB is a diameter of the rolling 

circle, and B lies in a straight line V \ \ / 

All drawn parallel to BC. Thus A-S \ \ \ / 

AB BP. Ih-oducc QB to P, I \ 1 \ 1 / 

making <2A’»P.S. Evidently VT 

the curve AT^ whichi is the locus 

of T, is similar and equal to BS, — 

and is therefore a cycloid similar and Y U 

equal to AC. But QB is perpen- 
dicular to PQ, and is therefore the \ 
instantaneous direction' of motion of 
Q, or is the tangent to the cycloid 

AQC. Sirhilarly, P5'is perpendicular to the wcloid BS at S, and 
tiiercforc TQ is perpendicular to AT at T. ilencc (§22) AQC is 
tlie evolute of AT, and arc AQ=^ 2 QB, 


105. When a circle rolls upon an- 
other circle, the curve described by a 
point in its circumference is called an 
Epicycloid, or a Hypocycloid, as the 
rolling circle is without or within the 
fixed circle; and when the tracing-poinl 
is not in the circumference, we liave 
Epitrochoids and Hyjiotrqchoids. Of 
the latter cla&sci we have already met 
with examples ^ 87, xoi), and others 
will be presently mentioned. Of the 
Cornier we have, in the first of the 
apMndcd figures, the case of a circle 
rolling externally on another of equal 
ilze. The curve in this Case k called 
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ternally on atiother of twice its radius. The epicycloid so described 
is of importance in optics, and will, with others, be referred to when 
we. consider the subject of Caustics by reflexion. 

In the third figure we have a hypo* 
cycloidi traced by the rolling of one 
circle internally on. another of four 
times its radius. 

The curve of § 87 is a hypotrochoid 
described by a point iri the plane of a 
circle which rolls internally on another 
of rather more than twice its. diameter, 
:Ae tracing-point passing through the 
centre of the fixed circle. Had the 
diameters of the circles been exactly a? 
I : 2, § loi shows, us that this curve 
would have been reduced to a single straight line. 





106. If a rigid body move in any way whatever, subject only to 
the condition that one of its points remains fixed, there is always 
(without exception) one line of it through this point common to the 
body in any two positions. 

Consider a spherical surface within the body, with its centre at the 
.fixed point C. All points of this sphere attached to the body will 
move on a sphere fixed in space. Hence the construction of §.91 
may be made, only with great circles instead of straight ^es; 
and .the same reasoning will apply to prove that the point O ^lus 
obtained is common to the body in its two positions. Hence every 
point of the body in the line OC, joining O with the fixed point, 
must be, common to it in the two positions. Hence the body may 
pass from any one position to any other by a definite amount of 
rotation about a definite axis. And hence, also, successive or sir^ul- 
taneous rotations about any number of axes through the fixed point 
may be compounded into one such rotation. 


107. d^et OAf OB be two axes about which a body revolves with 
angular velocities to, to^ respectively. 

With radius unity describe the arc AB, and in it take any point T. 
Draw la, perpendicular to OA, OB respectively. Let the rota- 
tions about the two axes be such that that about 
OB tends to raise I above the plane of the 
paper, and that about OA depress it. In an 
infinitely short interval of time r, the amounts of 
these displacements wall be . t and — <0/0 . t.' 
The point I, and therefore every point in the 
line 01, will be at rest during the ' interval t if 
the sum of these displacements is zero — Le. if 
^ cOj^ . ?= <0 Ja. 



Hence the line Of is instantaneously at rest, or the iwo rotations 
about OA and OB may be compounded into one about 01. Draw 
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ip^ Ig, parallel to OB^ OA respectively. Then, expressing in two 
ways the area of the parallelogram IpOg^ we have 

Og.I^^Op.Ia. 

Hence Og :• Op :: < 0 , : < 0 . 

In word^, if on the axes OA^ OBy we n^ieasure off from'*, (9 lines 
Op, Og, proportional respectively to the angular velocities about 
these axes — the diagonal of the parallelogram of which these are 
contiguous sides, is the resultant axis. 

Again, if Bb be dra,wn perpendicular to OA, and if fi be the 
angular velocity about 01, the whole displacement of B may evidently 
be represented either by 

( 1 ) . or O , //3. 

Hence O ta \\ Bb \ 

V. 01 ; Op. 

And thus on the scale on which Op, Og represent the component 
angular velocities, the diagonal 01 represents their resultant. 

108. Hence rotations are to be compounded according to the 
same law as velocities, and ' therefore ‘the single angular velocity, 
equivalent to three co-existent angular velocities about three mutually 
perpendicular .axes, is determined in magnitude, and ' the direction 
of its axis is found, as follows : — The square of the resultant angular 
velocity is' the sum of the squares of its components,, and the ratios 
of 'the three components to the resultant are the direction-cosines 
of the axis. 

Hence also, an angular velocity, about any line may be resolved 
into three about any set of rectangular lines, the resolution in each 
case being (like that of simple velocities) effected by multiplying by 
the cosine of the angle between the directions. 

Hence, just as in § 38 a uniform acceleration, acting perpendi* 
cularly to the direction of motion of a point, produces a change in 
the direction of motion, but does not influence the velocity; so, if 
a body be rotating about an axis, and be subjected to an action 
tending to produce rotation about a perpendicular • axis, the result 
will be a change of direction of the axis about which the body 
revolves, but no change in the angular velocity. On this kinematicaJ 
principle is founded the dynamical explanation of the precession of 
the equinoxes, and some of the seemingly marvellous performances 
of gyroscopes and gyrostats. . 

109. If a pyramid or cone of any form roll on a similar pyramid 
(the image in a plane mirror of the first position of the first) all 
round, it clearly comCs back to its primitive position. This (as all' 
.rolling of cones) is exhibited best by taking the intersection of each 
with a spherical surface. Thus we see that if a spherical polygon 
turns about its angular points in succession, always keeping on the 
Spherical surface, and if the angle through which it turns about each 
point is twice the supplemenfof the angle of the polygon, or, which 
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fwill come to the same thing, if it be in the other direction, but 
^ual to twice the angle itself of the polygon, it will be brought to 
its original position. 

110 The method of § loo also applies to the case of § io6; and 
it is thus easy to show that the most general motion of a spherical 
fi^re on a Led spherical surface is obtained by the rolling of a 

'fixed in the fi^re op a curve fixed on the 
at each instant the &e joining C and O contains a set 
the body which are momentanly at rest, the most^ general motion of 
a rigid 4dy of which one point is fixed consists m the rollup of a 
cone fixed in the body upon a cone fixed in .space—the vertices of 
both being at the fixed point. 

111 To complete our kinematical investigation of the motion of 
a body of which, one point is fixed, we require a solution of the fol- 
lowing problem '.—From the given angular velocities of the body 
at each instant about three rectangular axes attached to^ it to de- 
termine the position of the body in space after a given time. But 
the general solution of this problem demands higher analysis than 
can be admitted into the present treatise. 

112. We shall next consider the most general possible motion of 
a rigid body of which no point is fixed — and first we must prove 
the following theoxem* There is one set ^of parallel planes in a 
rigid body which are parallel to each other in any two positions of 
the body.' the parallel lines of the body perpendicular to these 
planes are of course parallel to each other in the two positions. 

Let Cand C' be any point of the body in its first and second 
positions. Move the body without rotation from its second position 
to a third- in which the point at C' in the second position shall 
occupy its original position The preceding demonstration shows 
that there is a line CO common to the body in its first and third 
positions. Hence a line C'C of the body in its second position is 
parallel to the same line CO iti the first position. This of course 
clearly applies' to every line of the body parallel to COy and the 
planes perpendicular to these lines also remain parallel, 


113. Let ;S denote a plane of the body, the two positions of which 
are parallel. Move the body from its first position, without rotation, 
in a direction perpendicular to S, till S comes into the plane of its 
second position. Then to get the body into its actual position, such 
a motion as is treated in § 91 is farther required. But by § 91 this 
jqnay be effected by rotation about a certain axis perpendicular to the 
plane S, unless the motion required belongs to the exceptional case 
of pure translation. Hence (this case excepted), the body nmy 
be brought from the first portion to the second by translation 
through a determinate distance perpendicular to a given plane, and 
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114, To understand the nature of this motion we may com- 
mence with die sliding of one straight-edged board on another. 

Tiius let CDBF be a plane board whose eclge, EE, slides on 
the edge, AB, of another board, ABC, of 'which for convenience 
we. suppose the edge, AC, to be hori- 
zontal. Jly § 3", if dio upper board 
move horizontally to the right, the 
constraint will give it, in addition, a 
vertically upward motion, and the rates 
of these motions . are in the constant 
ratio of AC to CB. Now, if both 
planes be bent so as to form portions 
of tiie surface of a vortical right cylinder, the motion of DF parallel 
to AC will become a rotation about tlie axis of the cylinder, and 
the necessary accompaniment of vertical motion will remain un- 
changed. As it is. evident that all portions of AB will be equally 
inclined to the axis of the cylinder, it is obvious that the Phread 
of the screw, which corresponds to the edge, EE, of the upper 
board, must be traced on the cylinder so as always to make a con- 
stant angle with its generating lines (§ xaB). A hollow mould 
taken from the screw itself forms what is called the nut — the re- 
presentative of the board, ABC—md it is obvious that the screw 
cannot move without rotating about its axis, If the nut be fixed. 
If a be the radius of the cylinder, <« the angular velocity, a the 
inclination of the screw thread to a generating line, « the linear 
velocity of the axis of the screw, wc see at once from the above con- 
struction tlmt 

€K)^ 1 u i: AC : CB :: sin a : cos a, 
which gives the requisite relation between o> and u. 

116. In the excepted case of § 113, the whole motion consists 
of two translations, which can of course be compounded into a 
single one : and thus, in this case, there is no rotation at all, or 
every plane of it fulfils the specified condition for .S of § 113. 

116. We may .now briefly consider the case in which the guiding 
cones (§ no) are both circular, as it has important applications to 
the motion of the earth, the evolutions of long or flattened projec- 
tiles, the spinning of tops and gwoscopes, etc. The motion m this 
pse may be called Fneashnm Kotation. The plane through the 
instantaneous axis and the axis of the fixed cone passes through the 
axis of the rolling cone. This plane turns round the axis of the 
fixed cone with an angular velocity O, which must clearly bear a 
constant mtio to the angular velocity « of the rigid body about its 
instantaneous axis. 

117 , The motion of the plane containing these axes is called the 
Pmesston irr my such case. What wc have denoted by O is the 
angular velocity of the precession, or, as it is sometimes called, the 
rate of precession. 
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The aiigular motions «)> O are to one another inveiisely 
distances of a point in the axis of the rolling cone from i 
stantaneous axis and from the axis of the fixed cone. 

For, let OA be.the axis of the fijed cone, OB that of the 
cone, and 01. the instantaneous axis. From any point P \ 
draw PN perpendicular to 6>/, and PQ, perpendicular t< 
Th^ we percei>^ that P moves alwa 3 rs in the circle whose 
is Qt radius PQ, and plane perpen 
to OA. Hence the actual velo( 
the point P is f). QP. But, by th 
ciples explained above (§ no) the v 
of is the same as that of a point i 
in a circle whose centre is II, plai 
pendicular to Oil, and radius IIP, 
as this radius revolves with angula 
city o>, is <i» . HP. Hence 
SI. QF^ia.NP, 

<t) : O :: QP ; HP, 



118. Suppose a rigid body bounded by any curved surface 
touched at any point by another such body. Any motion < 
on 'the other must be of one or more of the forms sliding, f 
or spinning. The consideration of the first is so simple as to r 
no comment 

motion in which the bodies have no relative velocity ; 
point of contact, must be rolling or spinning, separately or com 
Let one of the bodies rotate about successive instantaneous 
all lying in the common tangent plane at the point of instants 
contact, and each passing through this point — the other body 
fixed. This motion is what we call rolling, or simple rolling, ( 
movable body on the fixed. 

On the other hand/ let the instantaneous axis of the moving 
l)e the ^mmon normal at the point of contact This is. pure 
ning, and does not change the point of contact. 

l^t it move,^so that the instantaneous axis, still-passing th 
the point of contact,' is neither in, nor perpendicular to, the ta 
plane. This motion is combined rolling and spinning. 

119. As an example of pure rolling, we may take that o 
<^lmder on another, the axes being parallel. 

p be the radius of curvature of the roHjng,. <r of the 
cyhnder; to the angular velocity of the former, V the linear ve 
of the pomt of contact We have 



ror, in me uguic, suppose jtr to oe at any time the 
contact, and Q and p the points which are to be in Con 
“terval O, a the centres of curvature^ 
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Then P(2 = i^ = space described by point of con- 
tact, In $ymboi3 

■» crO » P't. 

Also^ before (XQ and OP can coincide in dirco 
tion, the former must evidently turn through an angle 

Therefore 

and by eliminating 0 and <}>, and dividing by r, wo 
get the above result 

It is to be understood here, that ^ the radii of 
curvature have been considered positive when both 
surfaces are convex, the negative sign must lie intnv 
duced for either radius when the curres)[x>nding sur- 
face is concave. 

Hence the arigular velocity of the rolling curve b in this case 
<*qual to the product of the linear velocity of the point of contact into 
the sum or difference of the curvatures, according as the curves are 
both convex, or one concave and the other convex. 

120. We may now take up a few points connected with the curva* 
tnre of surfaces, which arc useful in various parts of our lubjcct. 

The tangent plane at any point of a surface may ox may not cut 
it at that point. In the former ca.se, the surface bernhs awayTrum 
the tangent plane partly towards one side of it, ancl partly towards 
the other, and has thus, in some of its normal sectiutis, curvatures 
oppositely directed to those in others. In the latter cm?e, the sur- 
face on every side of the point bends away from the same lidc of 
its ’tangent plane, and the curvatures of all normal sections arc 
similarly .directed. Thus we may divide curved surfaces into /•/«//- 
dasUc and Sj/icfasi/r. A saddle gives n gxinl example of the 
former class; a ball of the latter. Curvaturrs in ojtjue.itc ilin'etions, 
with reference to the tangent plane, have of course dilferctit .Mgna, 
The outer portion of tire surface of an andior-ring « iyucksde, dm 
inner andclastic 

121. MfunuPs Tkeorem, — ^The curvature of an oblique section 
of a .surface is equal to that of the normal scciicui ihrouglj the same 
tangent line muUiplic<l by the .secant of the inclination of the pl.mea 
of the sections. This is evident, from the most elementary con- 
siderations regarding projection! 

122. EuUPs Xyteorm . — There are at every point of a tynclastic 
surface two normal jBectit)ns, itr one of winch the curvature ii a 
maximum, in tire other a minimum ; and these arc at right auglci 
to each other. 

In>n anticlastic surface there is maximum curvature (Imt In 
opposite direcdoas) in the two normal icciions whoic pknes bisect 
jtlre angles between the lines in which the surftce cuts Ik tangent 

Vnl. 
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plane. On account of the difference of sign, these may be ‘con* 
Gtdered as a maximum and a minimum. 

Generally the sum of the Curvatures at a point, in any two normal 
planes at nght angles to each o^er, is independent of the position, 
of these planes) 

' If - and - be the rmudnium and minimum curvatures at any 
p ^ 

point, the curvature of a normal section making an angle B with the 
normal section of maximum curvature is 

* ~ cos® 0 + i sin® 
p cr 

which includes the above statements as particular cases. 

123. Let Pf p be two points of a surface indefinitely neat to eadi 
other, and let r be the radius of curvature of a normal section passing 
tlirough them. Then the radius of curvature of an oblique section 
.■^ough the same points, inclined to the former at an angle a, 
is r cos a (§ 12 1 ). Also the length along the normal section, from 
P to p, is less than that along the oblique section — since a giveif 
chord cuts off an arc from a circle, longer the less is the radius 
of that circle. 

124. Henc^ if the shortest possible line be drawn from one point 
of a surface tp another, its osculating plane, or plane of curvature^ 
is everywhere perpendicular to the surface. 

Such a cunre iS' called a Geodetic line. And it is easy to see that 
it is the line in which a flexible and inextensible string would touch 
the surface if stretched between those points, the surface being sup- 
posed smooth. 

125. A perfectly’ flexible but inextensible surface is suggested, 
although not realized, by paper, thin sheet-metal, or doth, when the 
surface is plane ; and by sheaths of pods, seed-vessels, or the like, 
when not capable of being stretched flat without tearing. The process 
of changing the form of a surface by bending is called * developing* 
But the term ^ Developable Surface* is commonly restricted to such 
inextensible surfaces as can be developed into a plane, or, in com- 
mon language, ‘smoothed flat.* 

126. The geometry or kinematics of this subject is a great contrast 
to that of the flexible line (§ r6), and, in its -merest elements, presents 
ideas not very easily apprehended, and subjects of investigation that 
have exercised, and perhaps even overtasked, 4he powers of some 
of the greatest mathematidans. 

127. Some care is required to form a correct conception of What 
is a perfectly flexible inextensible surface. iFirst let us consider a 
plane sheet of paper. It is very flexible, and we can easily form 
ihe conception from it of a sheet of ideal matter perfectly flexible. 
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It is very inextensible j that is to say, it yields very little to any 
application of force tending to pull or stretch it in any direction, 
«p to the strongest it can bear without tearing. It does, of course, 
siretch a little. It is easy to test that it stretches when under the 
influence of force, and that it contracts again when the force is 
removed, although not always to its ori^nal dimensions, as it 
imay and generally does remain to some sensible extent permanently 
stretched. Also, flexure stretches one side and condenses the other 
temporarily; and, to a less extent, permanently. Under elasticity we 
may return to this. In the meantime, in considering illustrations of 
cur kinematical propositions, it is necessary to anticipate such phy^ 
sical circumstances. 

128. The flexure of an inextensible surface which can be plane, 
is a subject which has been well worked by geometrical investigators 
and writers, and, in its elements at least, presents little diflSculty. The 
first element^ conception to be formed is, that such a surface (if 
perfectly flexible), taken plane in the first .place, may be bent about 
any straight line ruled on it, so that the two plane parts may make 
any angle with one another. 

Such a line is called a * generating line’ of the surface to be 
formed. 

Next, we may bend one Of these plane parts about any other line 
which does not (within the limits of .the sheet) intersect .the former ; 
and so On. If these lines are infinite in number, and the angles of 
bending infinitely small, but such that their sum may be finite, we 
have' our plane surface bent into a curved surface, which.is of course 
‘developable’ (§-i 25 ). 

129. Lift a square of paper, flee from folds, creases, or ragged 
edges, gently by one comer, or otherwise, without crushing or forcing 
at, or very gently by two points. It will hang in a form which is very 
rigorously a developable surface; for although it is not absolutely 
inextensible, yet the forces which tend to stretch or tear it, when it 
is treated as above described, are small enough to produce absolutely 
no sensible stretching. Indeed the greatest stretching it can expe- 
rience without tearing, in any direction, is not such as can ^ect the 
form of the surface much whep diarp flexure^ singular pointy etc., 
are kept clear off. 

130. Prisms and cylinders (when the lines of bending, § laft, 
are parallel, and finite in number with finite angles, or infinite 
in number with infinitely small angles), and pyramids and cones 
(the lines of bending meeting in a point if produced), are clearly 
included. 

131. If the generating lines, or line-edges of the angles of bending, 
are not parallel, they must meet, since they are in a plane when the 
surface is plane. If they do not meet all in one point, they musfe 
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132. There is still no difficulty in understanding the form of, ^y 
square, or circle, of the plane surface when bent as explained abqv 

provided it does not include any of these poin 
of intersection. When the number is infinit 
and the surface finitely curved, the developab 
lines will, in, general, be tangents to a curve {tl 
locus of the points of intersection when tl 
number is infinite). This curve ia called tl 
edge of regression. The surface must clearl 
when complete (according to mathematical ideae 
consist of two sheets meeting in this edge i 
regression (just as a cone cdnsists of- tw 
sheets meeting in the vertex), because eat 
tangent may be produced beyond the pou 
cf contact, instead of stopping at it, as in the precedii^ diagram. 

133. To construct a complete developable surface in two sheet 
firom its edge of regression — 

' Lay one piece of perfectly flat, u 
wrinkled, smooth-cut paper on the tc 
of another. Trace any curve oii. tl 
other, and let it have no point of i: 
flection, but everywhere finite curvatur 
Cut the paper quite away on. the co: 
cave side. If the curve traced is close 
it must be cut open (see second diagram 
The limits to the extent that may be left uncut away, are tl 
tangents drawn outwards from , the two ends, so that, in short, r 
portion of the paper through which a real tangent does not pa 
is to be left 




Attach the two sheets together by very slight paper or’ musli 
clamps gummed to them along the common curved edge. Thei 
must be so slight as not to interfere sensibly wii 
the -flexure of the two sheets. Take hold of or 
comer of one sheet and lift the whole. The tv 
will open out into two sheets of a developab 
surface, of which the curve, bending into a tc 
tuous curve, is the edge of regression. The ta: 
gent to the curve drawn in one direction fro: 
die point of contact, will always lie in .one of tl 
sheets, and its continuation on the other side in tl 



other sheet. Of course a double-sheeted developable polyhedron ca 
be constructed by this’process, by starting from a polygon instes 
of a curve. 


134. A flexible .but perfectly in extensible surface, altered in for 
in any \ray possible for it, must keep .any line traced on it u: 
dianged in length and hence any two intersecting lines unchange 
in mutual inclinatitm. Hence, also, geodetic. Unes must remai 
geodetic lines. 
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135. We have now to consider the very important kinernatleal 
conditions presented by the changes of volume or figure cxperieuceil 
by a solid or liquid mass, or by a group of points whose positions 
with regard to each other arc suliject to known conditions. 

Any such definite alteration of form or dimensions is called a 
Strain. 

Thus a rod which becomes longer or shorter is .strained. Water, 
when compressed, is strained. A stone, beam, or mass of metal, in a. 
building or in a piece of framework, if condensed or dilati il in any 
direction, or bent, twisted, or distorted in any way, is said to ex- 
perience a strain. A ship is said to ‘strain’ if, m launching, or 
when working in a heavy sea, the different parts of it cxpencnce 
relative motions. 

136. * If, when the matter occupying any .space i.s str.ilncd in any 
way, all pairs of points of its substance which arc initially at C(iuul 
distances from one another in parallel lines remain equidistant, it 
maybe at an altered distance; and in parallel lines, altered, it may 
be, from their Initial direction; the strain is said to be honmgeneous, 

137. Hence if any straight line lie drawn through the tuniy in its 
bitial state, the portion of die body cut by it will cmuimie to he .a 
straight line when the body is Immogeneously strained. For, if 
A2SC be any sucli line, AJS and JtQ being jjaralkd to onedine in the 
initial, remain parallel to one line in the altered state; ami therefore 
remain in the same straight line with one another. Thus it follows 
that a plane remains a plane, a parallelogram a ^.larallchjgranj, and a 
parallelepiped a j;mrallclcpipcd. 

188. ilence, also, similar figures, whether constituted by actual 
portions of the substance, or mere geometrical surface.s, or straight or 
curved lines passing through ur joining certain portion:; or point:; of 
the substance, similaiiy :;ituale(l (i.c*. having corr<-::ponditig jtar.umUt'i*; 
parallel) when altered ae.curdiug to the :dirrfd comliiion tif the body, 
remain similar and simil.irly situated among one nnuther. 

139. The lengths of parallel lines of the body remain in tjie same 
proportion to one another, and hence all arc altered imthc pro- 
portion. Hence, and from § we infer that atiy p!;me figure 
beconlcs altered to another plane figure which is ti diminished or 
magnified orthographic projection of the first on some jilanc. 

The elongation of the body .along any line is the priiportion whh'Ii 
fhe addition to the distance between any two points m Uuit line bear.i 
to their primitive distance. 

140. Every orthogonal projection of an ellipse is an ellipse (the 
case of, a circle being included). Hence, aiul Iron) § i 3 (j, we sec 
that an ellipse remains an cUipja;; and an ellip.soid remains a sur- 
face of which every plane section is an ellipse: that is, reimini on 
ellipsoid. 


! 
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141. The ellipsoid which any surface of the body initially spheri 
cal becomes in the altered condition, may, to avoid circumlocutions 
be called the Strain Ellipsoid, 

142. In any absolutely unrestricted homogeneous strain there an 
three directions (the three principal axes of the strain ellipsoid), a 
right angles to one another, which remain at right angles to oiii 
another in the altered condition of the body. Along one of thcs' 
the elongation is greater, and along another less, than along an; 
Other direction in the body. Along the remaining one the elongatioi 
is less than in any other line in the plane of itself and tlie first men 
tioned, and greater than along any other line in the plane of itscl 
and the second. 

Note . — Contraction is to be reckoned as a negative elongation; th 
maximtrm elongation of the preceding enunciation may be a mini 
mum contraction: the minimum elongation may be a maximun 
contraction. 

143. The ellifisoid into which a sphere becomes altered may bi 
an ellipsoid of revolution, or, as it is called, a spheroid, prolate, o 
oblate. There is thus a maximum or minimum elongation alonj 
the axis, and equal, minimum or maximum elongation along all line 
perpendicular to the axis. 

Or it may be a sphere ; in which case the elongations are equal ii 
all directions. The effect is, in this case, merely an alteration o 
dimensions without change of figure of any part 

144. The 'principal axes of a strain are the principal axes of thi 
ellipsoid into which it converts a sphere. The principal elongation 
■of a strain arc the elongations in the direction of its principal axes. 

145. When the positions of the principal axes, and the magnitude: 
of the principal elongations of a strain are given, the elongation o 
any line of thb body, and the alteration of angle between any twe 
lines, may be obviously determined by a simple geometrical construe 
tion. 

146. ’ With the satne data the alteration of angle between any tw( 
planes of the body may also be easily determined, geometrically. 

147. Let the ellipse of the annexed diagram represent the sectior 
of the strain ellipsoid through the greatest and least principal axes 

Let S' OS, T'OThc the two diameters o 
this ellipse, which are equal to the mcar 
principal axis of the ellipsoid. Ever] 
plane througli O, perpendicular to th< 
plane of the diagram, cuts the ellipsoic 
In an ellipse of which one principal axil 
is the diameter in which it cuts the elliiist 

,1 > 1- _ ^ • ' I i ^ s 
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to. the plane of the diagram, cuts the ellipsokl m an ellipse oT which 
the two principal axes are equal, that is to say, in a circle, llenco 
the elongations along all lines in' either of these planes are equal to 
the elongation along the mean principal axis of the strain ellipsoid, 

148. The consideration of the circular sections of the strain elHp’ 
soid is highly instructive, and leads to important views with reference 
to the analysis of the most gimeral character of a strain. First Irt us 
suppose there to be no alteration of volume on the whole, and neither 
elongation nor contraction along the mean principal axi.s. 

Let OX and OZ be the directions of maximum elongation and 
maximum contraction respectively. 

Let A be any point of the body 
in its primitive condition, ami the 
same point of the altered body, so 
that OA^ = a.OA. 

Now, if we take OC^OA,^ and 
if C, be the position of that point 
of the body which was in the 
position C initially, wc shall have 

OCj=^~OC, and therefore C7C, 

•'a ' 

OA. Hence the two triangles COA 
and CjOA, are equal and similar. 

Hence CA experiences no alteration of length, bat take.n the altered 
position C/4, in the altered position of the body. Sinul.irly, if wc 
measure on XO produced, OA' and OA^ equal respectively to OA 
and OA,^ we find that the line CA' experiena^s no alteration itt length, 
but takes the altered position C, A'. 

Consider now a plane of the body initially through CA peimm- 
dicular'to the plane of tlic diagram, wliit.li will be altcrnl into a plane 
through CiAy, also perpendicular to ilur iilane of tlu- diagr.uu. All 
lines initially perpendicular to the plane of the diaj^am remain so, 
and remain unaltered in length. A C has just Inren provetl to reni.iin 
unaltered in length. Hence (§ 139 ) all lines In the plane wc have 
just drawn remain unaltered in length and in mutual indination. 
Similarly we sec that all lines in a plane through CA'^ peritemlicukur 
•to the plane of the diagram, altering to a plane through per* 

pendicular to the plane of die diagram, remain unaltered in length and 
m mutual incUnatioa 

149. The precise character of the strain wo have now under con* 
sideration will be elucidated by the following:— Produce CO, and t.ike 
OC and OC\ respectively equal to OC and dCj. Join (.''A, C'A', 
C\A^, and C\A\, by plain and <lotted lines as in the diagram. 
Theu'we sec that the rhoriibus CACA' (plain lines) of the body in 
its initial state becomes the rhombus A^ (7, A\ (dotted) in the 
altered condition. Now imagine the body thus itraineu to be 
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till Ai coincides with A, and C\ with C, keeping all the lines of 
the diagram still in the same plane. A\Cx will 
take a position in CA' produced, as shown in 
the new diagram, and the original and the altered 
parallelogram will be on the same base A C\ and 
between the same parallels AC and CA\, and 
their other sides will be equally inclined on the 
two sides of a perpendicular to them. Hence, 
irrespectively of any rotation, or other absolute 
motion of the body not involving change of form 
•or dimensions, the strain under consideration 
may be produced by holding fast and unaltered the plane of the 
body through ACj perpendicular to the plane of the diagram, and 
rr^aking every plane parallel to it slide, keeping the same distance, 
through a space proportional to this distance (le. different planes 
parallel to fixed one slide through spaces proportional to their 
distances). 



150. This kind of strain is called a simple shear. The plane of 
a shear is a plane perpendicular to the undistorted planes, and 
parallel to the lines of the relative motion. It has (i) the property 
that one set of pajallel planes remain each unaltered in itself ; (2) 
that another set of parallel planes remain 
each unaltered in itself. This other set is 
got when the first set and the degree or 
amount of shear are given, thus : — Let 
CCi be the motion of one point of one 
plane, relative to a plane KL held fixed— 
the diagram being in a plane of the shear. 
Bisect CCiin N. Draw JVA perpendicular 
to it A plane perpendicular to the plane 
of the diagram, initially through AC, and 
finally through AC^ remains unaltered in 
its dimensions. 



151, One set of parallel undistorted planes and the amount of 
■their relative parallel shifting having been given, we have just seen 
how to find the other set. The shear may be otherwise viewed, and 
considered as a shifting of this second set of parallel planes, relative 
to any one of them. The amount of this relative shifting is of course 
equal to that gf the first set, relatively to one of them. 

152. The principal axes of a shear are the lines of maximum 
elongation and of maximum contraction respectively. They may 
be found from the preceding construction {§ 150), thus: — ^^In the 
^plane of the shear bisect the obtuse and acute angles between the 
planes destined not to become deformed. The former bisecting line 
is the principal axis of elongation, and the latter is the principal 
axis of contraction, in. their initial positions. The former angle 
(obtuse) becomes equal to the latter, its supplement (acute), in the 
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altered condition of the body, and the 
lines bisecting the altered angles are tlie 
principal axes erf the strain in the altered 
body. 

Otherwse, taking a plane of shear for 
the plane of the diagram, let AB be a ^ 
line in which it is cut by one of either 
set of parallel planes of no distortion. On any portion AB of this 
as diameter, describe a semicircle. Through <7, its middle point, 
draw, by the preceding construction, CD the initial, and CB the 
final, position of an unstretched line. Join DA^ DB, BA, BB* 
DA, DB are die initial, and BA, BB the final, positions of the 
principal axes. 



153. The ratio of a shear is the ratio of elongation and contrac* 
tibn of its principal axes. Thus if one principal axis is elongated 
in the ratio i ; a, and the other therefore (§ 148) contracted in the 
ratio a : I, a is called the ratio of the shear. It will be convenient 
generally to reckon this as the ratio of elongation j that is to say, 
to make its numerical measure greater than unity. 

In the diagram of § 152, the ratio of DB to BB, Or of. BA to DA, 
is the ratio of the shear. 

154. The amount of a shear is the amount of relative motion per 
unit distance between planes of no distortion. 

It is easily proved that this is equal to the excess of the ratio of 
the shear above its reciprocal 

155. The planes of no distortion in a simple shear are dearly the 
circular sections of the strain ellipsoid. In the ellipsoid of this 
case, be it remembered, the mean axis remains unaltered, and is a 
mean proportional between the greatest and the least axis. 


156. If we now suppose all lines perpendicular to the plane of the 
shear to be elongated or contracted in any proportion, without 
dteririg lengths or angles in the plane of the shear, and if, lastly, 
we suppose every line in the body to be elongated or contracted in 
some other fixed, ratio, we have, dearly (§ 142) the most general 
possible kind of strain. 


157. Hence any strain whatever may be viewed as compounded 
of a uniform dilatation in all directions, superimposed on a simple 
elongation in the direction of one principal axis superimposed on, a 
simple shear in the plane of the two other principal axes. 


158. It is dear that these three elementary component strains may 
be applied in any other order as well as that stated. Thus, if the 
simple elongation is made first, the body thus altered must get just 
the same shear in planes perpendicular to the line of elongation 
as the originally unaltered body gets when the order first stated i§ 
followed. Or the dilatation may be first, then the elongation, and 
finally the shear, and so on. 



so 
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159. When the axes of the ellipsoid are lines of the body who 
direction does not change, the strain is said to be pure, or unaccoi 
panied by rotation. The strains we have already considered we 
pure strains accompanied by rotations. 


160. If a body experience a succession of strains, each unaccoi 
.panied by rotation, its resulting condition will generally be producit 
by a strain and a rotation-. From this follows the remarkable cor( 
lary that three pure strains produced one after another, in any pie 
of matter, each without rotation, may be so adjusted as to leave t 
body unstrained, but rotated through some angle about some ax 
We shall have, later, most important and interesting applications 
fluid motion, which will be proved to be instantaneously, or diff< 
entially, irrotational ; but which may result in leaving a whole flu 
mass merely turned round from its primitive position, as if it h; 
been a rigid body. [The following elementary geometrical i 
vestigation, though not bringing out a thoroughly comprehensi 
view of the subject, affords a rigorous demonstration of the pi 
position, by proving it for a particular case. 


Let us consider, as above (§ 150), a simple shearing motion, 
point O being held fixed, suppose the matter of the body in a plar 
cutting that of the_ diagram perpendicularly in CJ?j to move in tl 
plane from right to left parallel to CZ? j and in other planes paral 
to it let there be motions proportional to their distances from ■ 
Consider first a shear from P to Pi ; then from on to Pj ; ai 
let 0 be taken in a line through P^ perpendicular to CJ?. Durii 

Qi P 0 P ■ 

■ ■ / y — ^ point Q moves 

course to through 
distance ■ QQi - FI 
»JC7 Choose Q midway h 
tween P and P,, so th 



P\Q.- Q.P-\P\P' Now, as we have seen above (§ 152), tl 
line of the body, which is the principal axis of contraction in tl 
shear from Q to Qy, is OA, bisecting the angle QOE at the b 
ginning, and C7^,, bisecting QyOE at the end, of the who 
motion^ considered. The angle between these two lines is b 
the angle QxOQ,, that is to say, is equal to PpOQ. Henc 
if the plane CD is rotated through an angle equal to PyOQ, 
the .plane of the diagram, in the- same way as the hands of a watc 
during the shear from Q to Qy, or, which is the same thing, tl 
shear from P to Pi, this shear will be effected without final rotatic 
of -its principal axes. (Iihagine the diagram turned round till 0^ 
lies along OA. The actual and the newly imagined position of C. 
will show how this plane of the body has moved during- such no 
rotational shear.) 

Now, let the second step, Pi to Pj, be made so as to coraple 
the whole shear, P to Pj, which we have proposed to consid€ 
Such second partial shear may be made by the common shearii 
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process parallel to the new position (imai^incd in the precedin 
parenthesis) of CDy and to make it also non-rotational, :\s it 
predecessor has been made, we, must turn further round, in th 
same direction, through an angle equal to Q\OPx, Thus in thes 
two steps, each made non-rotational, we have turned the plane Cl 
rourtd through an angle equal to But now, we have a whol 

shear P }\ ; and to make this as one non-rotational shear, we mu? 
turn CD through an angle i\(9/*only, which is less than QxOQ b 
the excess of J\0(l above QOP. „ Hence the resultant of the tw 
shears, PP^, I\P^x each separately deprived of rotation, is a sing! 
shear ilPj, and a rotation of its principal axes, in the direction c 
the hands of a watch, through an angle equal to QOP^’-^POQ. 

161. Make the two partial shears each non-rotatlnnally. Retun 
from their resultant in a single non-rotational shear: we conclude wif 
the body unstrained, but turned through the angle QOP -J'OQf ii 
the same direction as the hands of a watch.] 

162. As there can be neither annihilation nor generation of m.atte 
in any natural motion or action, the whole (luantity of a iluid wilhii 
any space at any time must be equal to the quantity originally ’ii 
that space, increased by the whole ciuantity that has entered it, art( 
diminished by the whole (piantity that has left it. This idea, whci 
expressed in a perfectly comprehensive manner for every portion c 
a Iluid in motion, constitutes what is commonly called the ^tymfnK 
of conlimiityl 

163. Two ways of proceeding: to express this idea presen 
themselves, each affording instructive views regarding the propertre 
of fluids. In one we consider a definite portion of the fluiil ; follov 
it in its motions; and declare that the average density of the sulistano 
varies inversely as its volume. We thus obtain the equation of con 
tinuity in an integral form. 

Tlie form under which the cipration of continuity is most conunonl 
given, or the diffcraitial expiation if continuity, ns we may call it, ex 
presses that the rate of dimimitiuu of the ilensity bears to the density 
at any instant, the same ratio ns the rate of increase of the volume o 
an infinitely small portion bears to the volume of this portion at tin 
same instant 

161 To find tho diflerenual equation of continuity, imagine i 
space fixed in the interior of a fluid, and consider the flint 
which flows into this S{)acc, and the fluid which flows out of it 
across different parts of its bounding surf.ire, in any time. If th< 
fluid is of the same tlcnsfty and inconqtrcr.‘;il)Ic, the whole quantity o 
matter in the sp.acc in question must remain fonstant at .all times, au< 
therefore the quantity flowing in must be eipial to the (luantity flowing 
out in any time. If, on the contrary, during .any period of motion 
more fluid enters than leaves the fixed space, there will be condensa 
tion of matter in that space ; or if more fluid leaves than enterfi, then 
will be dilatation. The rate of atifrmentati 
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of the fluid, per unit of time, in the fixed space in question, bears tc 
the actual density, at any instant, the same ratio that the rate o 
acquisition of matter into that space bears to the whole matter in tha 
space. 

3,65. Several references have been made in preceding sections tc 
the number of independent variables in a displaceipcnt, or to tlx 
degrees of freedom or constraint under which the displacement take! 
place. It may be well, therefore, to take a general (but cursory) view 
of this part of the subject itsclC 

166. A free point has three degrees of freedom, inasmuch as tl)( 
most general displacement which it can take is resolvable into three 
parallel respectively to any tliree directions, and independent of eacl 
other. It is generally convenimrt to choose these tluce directions o 
resolution at right angles to one anothen 

If the point be constrained to remain always on a given surface 
C7te degree of constraint is introduced, or there are left but tw 
degrees of freedom. For we may take the normal to the surfac 
as one of three rectangular directions of resolution. No displacemer 
can be effected parallel to it : and the other two displacements, c 
right angles to each odrer, in the tangent plane to die surface, ar 
independent 

If the point be constrained to remain on each of two surfaces, 
loses two degrees of freedom, and there is left but one. In fac 
it is constrained to remain on the curve which is common to hot 
surfaces, and along a curve tlicrc is at each point but one directio 
pf displacement. 

167. Taking next the case of a free rigid system, we have Evident' 
six degrees of freedom fo consider — three independent di.splacemen 
or translations in rectangular directions as a point has, and thr< 
independent rotations about three mutually rectangular axes. 

If it have one point fixed, the system loses three degrees of fre 
dom; in fact,, it has now .only the rotations above mentioned. 

This fixed point may be, and in general is, a point of a continuoi 
surface of the body in contact with a continuous fixed surface. The 
surfaces may be supposed /perfectly rough,' so that sliding may I 
impossible. 

If a second point be fixed, the body loses (wo more degrees 
freedom, and keeps only one freedom to rotate about the line joinii 
the two fixed points. 

If a third point, not In a line with the other two* be fixed* the bo( 
is fixed, 

l6S. If ofie point of the rigid system is forced to remain on 
smooth surface, one degree of freedom is lost ; there remain fve^ ti 
displacements in, the tangent plane to the surface, and three rotatioi 
As an additional degree of freedom is lost by each successive limi' 
tion of a point in the body to a smooth surface, six such conditio 
completely determine the position of the body* Thus if six pou 
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pfopstly chosen cyn the barrel and stock of a rifle be ffiade to rest on 
six convex portions of the surdice of a fixed rigid body, the rillc may 
be replaced any number of times in precisely tlie same position, for 
the purpose of testing its accuracy. 

A fixed V under the barrel near the muzr.Ic, and another under 
the swell of the .stock close in front of the trigger-guanl, give four 
of the contacts, bearing the weiglit of the rifle. A fifth (the one 
to be broken by the recoil) is suiijilicd by a nearly verliiul fixed 
plane close behind the second V, to be touched by the triggcr-gmanl, 
the rifle being pressed forward in its V’s as far as this obstruction 
allows it to go. 7]his contact maybe disi>ensed with and nothing 
sensible of accuracy lost, by having a mark on the second V, and a 
corresponding mark on barrel or stock, and sliding the barrel back- 
wards or forwards in the V's till the two marks are, n.s nearly as 
can be judged by eye, in the same plane perpendicular to the barrel's 
axis. The sixth contact may be dispenseti with by adjusting two 
marks on the heel and toe of the butt to be qs nearly as need be 
in one vertical plane judged by aid of a plummet. I'his methotl 
requires less of costly ajiiparatus, and is no doubt more accurate and 
trustworthy, and more ipiickly -and easily exemitcd, than the ordi- 
nary method of clamping the rifle in a massive metal cradk set on a 
heavy. mechanical slide. 

A geometrical clamp is a meana of applying and maintaining 
six mutual pressures between two bodies touching one another at 
sik points. 

A ‘geometrical slide* is any arrangement tq five degrees 

of constraint, and leave one degree of freedom, to the relative tuotion 
of two rigid bodies by keeping them pressed together at juit five 
points of their surfaces. 

Ex. I, ^ The transit instrument would be an instance if one end 
of one pivot, made slightly convex, were presscil .against .a fixed 
vertical cnd-plate, by a spring pushing at the other end of the axis, 
The other four guiding points me the points, or small areas, of con- 
tact of the pivot.s on tlie Y’s. 

Ex. 2. Let tw'O rounded ends of legs of a threC' legged stool 
rest in a straight, smooth, V-shaped canal, and the third on a smooth 
horizontal plane.^ Gravity maintains iiositive detenuinaie ptf, Mites 
orf the five bearing points; and there Is a determinate diMribitiion 
and amount of friction to he overcome, to produce the rccCiliueid 
translational motion thus accurately provided fur. 

Ex. 3, Let only one of tlie feet re.st in a V c.an.al, and let 
another rest in a trihedr.nl liolluw in line with the canal, the third 
still resting on a horizontal plane. There are thus six bearing i»ointi, 
one on the horizontal plane, two on the sides of tlic canal, ami three 
on the sides of the trihedral hollow: and the stool is fixeti in a 
determinate position as long as all these six contacts art* unbroken. 
Substitute for gravity a spring, or a screw .and nut (of not infiriitely 
rigid raaterialk ImKlmg the stool to the rigid body to witich tlur.e- 
six planes belon^^ Imus we have a ♦gcccaetarkai dainiV which 
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damps two bodies together with perfect firmness in a perfect 
definite position, without the aid of friction (except jn the sere' 
if a screw is used) ; and in various practical aiiplications giv 
very readily and conveniently a more securely firm connexion 1 
one screw slightly pressed, than a clamp such as those common 
made hitherto by mechanicians can give with three strong screv 
forced to the utmost. 

po away with the canal and let two feet (instead of only one) re 
on the plane, the other still resting in the conical _ hollow. T1 
number of contacts is thus reduced to five (three in the hollo 
and two on the plane), and inste'ad of a ‘damp' we have aga 
a slide. This form of slide, — a three-legged stool with two fo 
resting on a plane and one iii a hollow, — will be found very useful i 
a large variety of applications, in which motion about an axis is d 
sired when a material axis is not conveniently attainable. Its fir 
application was to the ‘azimuth mirror,' an instrument placed c 
the glass covet of a mariner’s compass and used for taking azimiitl 
of sun or stars to correct the compass, or of landmarks or oth 
terrestrial objects to find the ship’s position. It has also been applit 
to the ‘ Deflector,’ an adjustible magnet laid on the glass of tl 
compass bowl and used, according to a principle first we belie'i 
given by Sir Edward Sabine, to discover the ‘semicircular’ err 
produced by the ship’s iron. The movement may be made vc: 
frictionless when the plane is horizontal, by weighting the mov 
able body so that its centre of gravity is very nearly over tl 
foot that rests in the hollow. One or two guard feet, not to touc 
the plane except in case of accident, ought to be added to gl' 
a broad enough base for safety. 

The geometrical slide and the geometrical clamp have both bee 
found very useful in electrometers, in the ‘ siphon recorder,’ and , 
ah instrument recently brought into use for automatic signalHt 
through submarine cables. An infinite variety of forms may I 
given to the |;eometrical slide to suit varieties of application of tl 
general principle on which its definition is founded. 

An old form of the geometrical clamp, with the six pressures pr 
duced by gravity, is the three V grooves on a stone slab bearing t! 
three legs of an astronomical or magnetic instrument. It iS n* 
generally however so ‘ well-conditioned ’ as the trihedral hole, tl 
V groove, and the horizontal plane contact, described above. 

There is much room for improvement by the introduction > 
geometrical slides and geometrical clamps, in the mechanism ( 
mathematical, optical, geodetic, and astronomical instrumont; 
which as made at present^ are remarkable for disregard of goom 
trical and dynamical principles in their slides, micrometer Screw 
and clamps. Good workmanship cannot compensate for bad desig: 
whether in the safety-valve of an ironclad, or the movements an 
adjustments of a theodolite. 

169. If one point be constrained to remain in a curve, there rema; 
four degrees of freedom. 
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If two points be constrained to remain in given curves, there are 
our degrees of constraint, and wc have left two degrees of freedom. 
Dne of these may be regarded as being a simple rotation almut the 
ine joining the constrained parts, a motion winch, it Is clear, tho 
3 ody is free to receive. It may be shown that tho other possilde 
notion is of the most general character for one degree of freedom ; 
:hat is to say, translation and rotation in any fixed proportions, as of 
:he nut of a screw. 

If one line of a rigid system be constrained to remain parallel to 
.tself, as for instance, if the body bo a three-legged stout standing on 
i perfectly smooth board fixed to a common window, sliding in its 
irame with perfect freedom, there .remain tAm displacements ami one 
rotation. 

But^we need not farther pursue this- subject, as the number of 
combinations that might be considered is almost endiciis; and thoso 
already given suffice to show how simple b the determination the 
degrees of freedom or constraint in any case tlut may present itself, 

170. One degree of constraint of the mo.st genera! chameter, is not 
producible by constraining one point of the body to a curve siufafi* ; 
but it consists in. stopping one line of the body fntm luiigiindinal 
raotionj except accompanied by rotation routui this line, in fis<*d 
proportion to the longitudinal motion. Kvery other motion being 
left unimpeded, there remains free rotation about any axis perpen- 
dicular to that line (two degrees of freedom); and translation in any 
direction perpendicular to the same line (two tlegrces of freedom). 
These last four, with the one degree of freedom to serew, con- 
stitute the five degrees of freedom, which, with one degree of con- 
straint, make up the six elements. This condition is reaU^.ed in the 
following mechanical anungement, which seems the simplest that 
can be imagined for the purpose : — 

Let a .screw be cut on one .shaft of a Ilookeb joint, and let tlm 
other shaft ho joined to a fixed r.hail by a .second Hot ike's joint. 
A nut turning on that screw-Jihaft has the most general kind of 
motion admitted when there is one degree of constraint. Or it is 
subjected to just one degree of constraint of the most general cha- 
racter. It has five degroe.s of freedom; for it may move, rst, by 
screwing on its shafi, the two Hookc’fi joiul.s being at re.st ; smf, 
it may rotate about either axis of the first Hooke's jefint, or any axis 
in their plane (two more degrees of freedom : being freedom to rotate 
about two axes through one point); 3 rd, it may, by the two Hooke's 
joints, each bending, have tran.slatiun without rotation in any direction 
perpendicular to the link or .shaft between the two Hookeki Joints 
;'(two more degrees of freedom). But it cannot h.ave a motion of 
xmnslation parallel to the line of the link without a definite propor- 
(tion of rotation round' this line; nor can it have rotation round tlib 
line without a definite proportion of translation parallel to ij. 
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171. In, the preceding chapter we considered as a subject of pure 
geometry the motion of points, lines, surfaces,*and volutnes, whether 
taking place with or without change of dimensions and formj and the 
results we there arrived at are of course altogether independent of the 
idea of matter^ and of the forces which matter exerts, we have here* 
tofbre assumed the existence merely of motion, distortion, _ etc.; wo 
now come to the consideration, not of how we mighty consider such 
motion, etc., to, be produced, but of the actual causes which in the 
material woHd do produce them. The axioms of the, present chapter 
must therefore be considered to be due, to actual experience, in the 
shape either of observation or experiment. How such experience is 
to be conducted will form the subject of a. subsequent chapter. 

172. We cannot do better, at all events in commencing, than follow 
Newton somewhat closely. Indeed the introduction to tlie Prmc'fia 
contains’ in a most lucid form the general foundations of dynamics. 
The Dejinitiones and Axiomaiq, sive Jfges Afoltis, there laid down, 
require only a few amplifications and additional illustrations, suggested 
by subsequent developments, to suit them to the present state of 
science, and to make a much better introduction to dynamics than 
we find in fcven some of the best modern treatises. 

173. We cannot, of course, give a definition of Matter which will 
satisfy the metaphysician ; but the naturalist may be content to know 
matter as that which can be perceived by the senses^ or as that which can 
be. acted upon by^ or can exerts force. The latter, and indeed the 
former also, of tJiese definitions involves the idea of Iwce, which, in 
point of fact, is a direct object of sense ; probably of all our senses, 
and certainly of the ‘muscular sense.’ To our chapter on Properties 
of Matter we must refer fot further discussion of the question, / yhat 
is matter I 

174. The Quantity of Matter in a body, or, as we now call it, the 
Mass of a body, is proportional, according to Newton, to the Volume 
and the Density conjointly. In reality,, the definition gives us the 
meaning of density rather than of mass ; for it shows us that if tTvice 

iHa mi'infriHf r\it AiVcitY\r\lA 'I 
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tof given capacity, tHe density will be doubled, and so on, But it also 
•shows us that, of matter of unifonn density, the mass or tjuantity is 
proportional to the volume or space it occupies. 

I.et M lie the mass, p the density, and F the volume, of a homo 
geneous body. Then 

if we so take our units that unit of mass is diat of unit volume of a 
body of unit deu.sity. 

If the density be not uniform, the equation 

M=> V(i 

gives the Avefas;e (§ 26 ) density; or, as it is usually called, the Mmn 
density, of the bocly. 

It is worthy of particular notice that, in this definition, Newton 
says, if there be anything which fndy pervades the inter.sth'es of all 
bodies, this js not taken account of in estimating their Mass' or 
Density. 

175. Newton further states, that a practical me.asure of the mass 

of a body is its His experiments on pendulums, by which he 

establishes this most important remark, will be described later, in our 
chapter on Properties of Matter. 

As will be presently explained, the unit mass most convenient for 
British measurements is an imperial pound of matter. 

176. - The Quantity of Motion, or the Momentum, of a rigid body 
moving without rotation is [iroportional to it.s ma.ss and velocity con- 
jointly. The whole motion is the .sum of the motions of its several' 
parts, Thus a doubled mas.s, or a doubled velocity, would corre.spond I 
to a double quantity of motion ; and so on. 

Hence, if we take as unit of momentum tlie momentum of a unit 
of matter moving with unit velocity, the momentum of n mass M 
moving with vclucily v is Mv. 

177. C/tiVty;e of Quaniiiy of Mtion, or Chanyy of Momentum, ig 
proportional to the mass moving and the change of its velocity 
conjointly. 

Ciiange of velocity is to be understood in the general sense of § 31 . 
Thus, in the figure of that section, if a velocity represented by OA lio 
changed to another represented by OC, the change of velocity le 
represented in magnitude and direction by A C, 


178. Rate of Citanye of Mmientum, or Acceleration of Momentum, is 
proportional to the mass moving and the acceleration of its velocity 
conjointly. Thu.s (§ 44 ) the rate of change of momentum of a 
falling body is constant, and in the vertical direction. Again (§ 3 G) 
the rate of change of momentum of a mass Af, describing a circle of 

radius R, with uniform velocity V, is - -y,— , and is directed to the 


centre of the circle ; that is to say, -it depends upon a change of di- 
rect!on» not a change of speed, of the motion. 
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17&. The Vis Viva, or Kinetic Energy, of a moving body is pro* 
portional to the mass and the square of the velocity, conjointly. If 
we adopt the same units of mass and velocity as before, there is 
particular advantage in defining kinetic energy as half 'Cat product of 
the mass and the square of its velocity. 

180. Rate of Change of Kinetic Energy lythtn as \s 

the product of the velocity into the component of acceleration of 
momentum in the direction of motiom ^ 

Suppose the velocity of a mass to be changed from v to v, in 
any time t; the rate at which the kinetic energy has changed is 

^ {v, + v). 

Nowi is the rate of change of momentum in the dirjgc- 

tion of motion, and ^(v,+v) is equal to 2/, if t be infinitely small. 
Hence the above statement. It is often convenient to use Newton’s 
Fluxional notation for the rate of change of any quantity per unit of 

time. In' this notation (§ 28) i/ stands for - (v, - v) j so that the rate 

of change the kinetic energy, is Mv-. v. (See also §§ 229, 241.) 

181. It is to be observed that, in what precedes, with the exception of 
the definition of density, we have taken no account of the dim'ensions, 
of the moving body. This is of no consequence so long as it does 
not rotate, and so long as its parts preserve the same relative positions 
amongst one another. In this case we may suppose the whole of the 
matter in it to be condensed in one point or particld’. We thus speak 
of a material particle, as distinguished from z. geometrical point. If the 
body rotate, or if its parts change their relative positions, then we 
cannot choose any one point by whose motions alone we may de- 
termine those of the other points. In such cases ^he momentum and 
change of momentum of the whole body in any direction are, the 
sums of the momenta, and of the changes of mornenmrn, of its parts, 
•in ^hese directions ; while the -kinetic energy of the whole, being non- 
directional, is simply the sum of the kinetic energies of the several 
parts or particles. • 

182. Matter hds an innate power of resisting external influences, 
so that every body, so far as it can, remains at rest, or moves uni- 
formly in a straight line, 

This, the Inertia of matter, is proportional to the (Quantity of matter 
in the body. And it follows that some cause is requisite to disturb a 
body's uniformity of motion, or to change its direction from the 
natural rectilinear path. 

183. Force is any cause which tends to alter a body’s natural state 
of rest, or of uniform motion in a straight line. 

Force is wholly expended in the Action it produces ; and the body, 
after the force ceases to act, retains by its inertia the direction of 
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motion and the velocity which were given to it Force may be o 
divers kinds, as pressure, or gravity, or friction, or any of the attractive 
or repulsive actions of electricity, magnetism, etc, 

184. The three elements specifying a force, or the three element 
which must be known, before a clc^ notion of the force under con 
fideiation can be formed, are, its place of application, its direction 
and its magnitude. 

_ {a) The place of application of a force. The first case to be con 
fiidered is that in which the place of application is a point It ha; 
'been shown already in what sense the term * point ’ is to be taken^ 
and, therefore, in what way a force may be imagined as acting at t 
point In re^ity, however, the place of application of a force is 
always either a surface or n space of three dimensions occupied b} 
matter.^ The point of the finest needle, or the edge of the sharpcsi 
knife, is still a surface, and acts as such on the bodies to which ii 
may be applied. Even. the most rigid substances, when broughi 
together, do not touch at a point merely, but mould each other sc 
m to produce a surface of application. On the other hand, gravit) 
is a force of which the place of application is the whole matter of th( 
body who.se weight is ennsidered ; and the smallest particle of rnattei 
that ha.s weight occupies some finite portion of space. Thus it is tc 
be remarked, that there arc two kinds of force, distinguishable b] 
their place of application*— force whose place of application is t 
surface, and force whose place of application is a solid. When j 
heavy body rests on the ground, or on a table, force of the scconc 
character, acting downwards, is balanced by force of the first characte 
acting upwards: 

(d) The second element in the apecificatiorx of a force is it 
direction. The direction of a force is the line in which it acts 
If the place of apiilication of a force be regarded as a point, i 
line through that itoint, in the direction in which the force tends t( 
move ilu^ Ix'dy, is the dirce.iion of the fijrcc. In the case of a forci 
distributed <jvcr a surface, it is frequently possible atvd convenien 
to assume a single point anti a single line, such that a certain forci 
acting at that point in that line would produce the same cfiect as i 
really produced. 

(c) The third element in the specification of a force is its magnitude 
This involvc.s a consideration of the method followed in dynamics fo 
measuring forces. Hefore measuring anything it is necessary to liav 
a unit of measurement, or a .standard to which to refer, and a prin 
ciule of numerical specification, or a iiuxle of referring to the standard 
These will be suppljed pre.scruly. See also § 3 2 *g below., 

185. The Mmsurc of a Force is the quantity of motion which i 
producrs in unit of time. 

The reader, who has been accu.stomed to speak of .1 force of 

many pounds, or so many tons, may be reasonably startled when h 

finds that Ncfvum gives no cuimtcnanec to such exrjressiona. Th 
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surface the pound, or other definite quantity of matter named, is to 
be weighed ; for the weight of a given quantity of matter differs in 
different latitudes. 

It is often, however, convenient to use instead of the absolute 
unit (§ i88), the gravitation unit — which is simply the weight of unit 
mass. It must, of course, be specified in what latitude the observation 
is made. Thus, let IV be the mass of a body in pounds ; g the 
velocity it would acquire in falling for. a second under the influence 
of its weight, or the earth’s attraction diminished by centrifugal 
force j and P its weight measured in kinetic or absolute units. We 
have iVg. 

The force of gravity on the body, in cavitation units^ is W, 

186. According to the system commonly followed in mathe- 
matical treatises on dynamigs till fourteen years ago, when, a small 
instalment of the first edition of the present work was issued for 
the use of our students, the unit of mass was g times the mass of 
the standard or unit weight. This definition, giving a varying and a: 
very unnatural unit of mass, was exceedingly inconvenient. By taking, 
the gravity of a constant mass for the unit of force it makes the unit 
of force greatey in high than in low latitudes. In reality, standards 
of weight are masses^ not forces. They are employed primarily in 
commerce for the purpose of measuring out a definite quantity of 
matter j not an amount of matter Tvhich shall be attracted by the 
earth with a given force. 

A merchant, with a balance and a set of standard weights, would 
givQ his customers the same quantity of the same kind of matter 
however the earth’s attraction might vary, depending as he does upon 
weights for his measurement ; another, using a spring-balance, would' 
defraud his customers in high latitudes, and himself in low, if his 
instrument (which depends on constant forces and not on the gravity 
of constant masses) were correctly adjusted in Londori. 

It is a secondary application of our standards of weight to employ, 
them for the measurement of forces^ such as steam pressures, mus- 
cular power, etc. In all cases where great accuracy is required, 
the results obtained by such a method have to be reduced to 
what they would have been if the measurements of force had been 
made by means of a perfect spring-balance, graduated so as to 
indicate the forces of gravity on the standard '^eights in some con- 
ventional locality. 

It is therefore very much simpler and better to take the imperial 
pound, or other national or international standard weight, as, for 
instance, the gramme (see the chapter on Measures and Instru- 
ments), as the unit of mass, and to derive from it, according to 
Newton’s- definition above, the unit of force. This is the method 
which Gauss has. adopted in his great improveiiient of the system of 
measurement of forces. 

187. The formula, deduced by Clairault from observation, and a 
certain theory regarding the figure and density of the earth, may be 
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employed to calculate the most probable value of the apparent force: 
of gravity, being the resultant of true gravitation and centrifugal force,, 
in any locality where no pendulum observation of sufficient accuracy 
has been made. This formula, with the two coefficients which it 
involves, corrected according to modern pendulum observations, is. 
as follows : — 

I^t G be the apparent force of gravity on a unit mass at the- 
equator, and g that in any latitude A, ; Uien 

gsa (i + ’00513 sin® X). 

The value of Gt in terms of the absolute unit, to be explained 
(immediately, is 

33*088. 

According to this formula, therefore, polar gravity will be 
32 ’o88 X I ’00513 -32*252. 

188 . As gravity does not furnish a definite standard, independent 
of locality, recourse must be had to something else. The principle- 
of measurement indicated as above by Newton, but first introduccdi 
practically by G.au.ss'in connexion with national standard masses, 
furnishes us with what we want. According to this' principle, the 
slamiani or unii force is that force which^ acting on a. national standard 
unit of matter during the unit of time, generates the unit of velocity. 

This is kiiowh as Gauss’ absolute unit ; absolute, because it fur- 
nishes a standard force independent of the dilTorlng a'mounts of 
gravity at different localities. It is however terrestrial and incon- 
stant if the unit of time depends on the earth’s rotation, as it docs 
in our present system of chronometry. The period of vibration of 
a piece of quartz crystal of specified shape and size and at a stated 
temperature (a tuning-fork, or bar, as one of the bars of glass used 
in the * musical glasses ’) gives us a unit of time which is constant 
througli all space and all lime, and independent of the earth. A 
unit of force founded on such a unit of time would he better entitled 
to the designation absolute than is the ' absolute unit ’ now generally 
adyjited, which is founded on the mean solar second. But this de- 
pends essentially on one particular piece of matter, and is therefore 
liable to all the accidents, etc. which affect so-called National 
Standards however carefully they m.ay be preserved, as well as to- 
the almost insuperable practical ditficulties which are experienced 
when we attempt to make exact copies of them. Still, in the present 
state of science, we are really confined to such approximations. The 
recent discoveries due to the Kinetic theory of p.scs and to Spectrun> 
ana1y.sis (especially when it is applied to the light of the heavenly 
boilics) indicate to us nalural standard ^)icccs of matter such as 
atoms of hydrogen, or sodium, ready made in infiiulc numbers, all 
absolutely idike in every pliysical property. The time of vibration 
of a sodium particle corresponding to any one of its uiqdea of vibra- 
tion, is known to be absolutely independent of its position in the- 
tiniverse, and it will probably remain tne same so long as the partrcler 
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itself exists. The wave-length for that particular ray, i.e. the space 
through which light is propagated in vacuo during the time of one 
complete vibration of this period, gives a perfectly invariable unit of 
length ; and it is possible that at some not very distant day the mass 
of such a sodium particle may be employed as a natural standard for 
the remaining fundamental unit. This, the latest improvement made 
upon our original suggestion of a Rere 7 mial Spring, is due to Clerk 
Maxwell. 

189. The absolute tinit depends on the unit of matter, the unit of 
time, and the unit of velocity; and as the unit of velocity depends on 
the unit of space and the unit of. time, there is, in the definition, a 
single reference to mass and space, but a double reference to time j 
and this is a point that must be particularly attended to. 

190. The unit of mass may be the British imperial pound, or^ 
better, the gramme ; the unit of space the, British standard foot, or, 
better, the centimetre ; and the unit of time the mean solar second. 

We accordingly define the British absolute unit force as ‘the force 
yrhich, acting on one pound of matter for one second, generates a 
velocity of one foot per second.’ 

191. To render this standard intelligible, all that has to be done is 

to find how many absolute units will produce, in any particular locality, 
the same effect as the force of gravity on a given mass. The way to 
do this is to measure the effect of gravity in producing acceleration 
on a body unresisted in any way. The most accurate method is 
indirect, by means of the pendulum. The result of pendulum ex- 
periments made at Leith Fort, by Captain Kater, is, that the velocity 
acquired by a body falling unresisted for one second is at that place 
32-207 feet per second. The preceding formula gives exactly 32*2, 
for the latitude 55° 35', which is approximately that of Edinburgh. 
The variation in the force of gravity for one degree of difference of 
latitude about the latitude of Edinburgh is only -0000832 of its own 
amount. It is nearly the same, though somewhat mq^e, for every 
degree of latitude southwards, as far as the southern limits of the 
British Isles. On the other hand, the variation per degree would be 
sensibly less, as far north as the Orkney and Shetland Isles. Hence 
the augmentation of gravity per degree from south to north through- 
out the British Isles is at most aboilt of its whole amount in 

any locality. The average for the whole of Great Britain and Ireland 
differs certainly but little from 32*2. Our present application is, that 
the force of gravity at Edinburgh is 32*2 times the force which, acting 
on a pound for a second, would generate a velocity of one foot per 
second; in other words, 32-2 is the number of absolute units which 
measures the weight of a pound in this latitude. Thus, speaking 
very roughly, the British absolute unit of forqe is equal to ibe we%ht 
of about half an ounce. 

192. Forces (since they involve only direction ^d magnitude) may 
be represented, as velocities are, by straight lines in their directions, 
and of lengths proportional to their magnitudes, r^^ectively. 
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Also tlVe laws'of composition and resolution of any number of 
forces acting at the same point, are, as we shall show later (§ 221 }, 
the same as those which we have already proved to hold for velo 
cities ; that witii the substitution of force for velocity, §§ 30 , 31 
;ue still laic. 

103, The CompiVicnt of a force in any direction, sometimes 
rallied the E/faiive Cont/'onaii in that direction, is therefore found 
by multiplying the magnitude of the force by the cosine of the 
angle between the directions of the force and the component. The 
remaining component in this case, is per[)endicular to the other. 

It is very generally convenient to resolve forces into components 
parallel to three lines at right angles to each other; each such reso- 
lution being effected by multiplying by the cosine of the angle 
concerned. 


104;. [If any number of points bo placed in any positions in space, 
another can be found, such that its distance from any plane what» 
ever is the mean of their distances from that plane; and*if one orr 
more of the given points be in motion, the velocity of the mean 
point pcriicmiicular to the plane is tiic mean of the velocities of 
the others in the same tlirection. 

If we take two points //, , the middle point, /j, of the lino 
joining them is obviously tlistant from any plane whatever by a 
(juantity eijual to the mean (in this case the half sum or differonca 
as they are on the same or on opjiosite sides) of their distances 
from that plane. Hence twke the di.stance of /(, from any piano 
is eiiual to the (algebraic) sum of the distancQH of A from it 
Introducing a third point if we join A^P^ and divide it in 
so that three times the distance of P% from any piano 

is equal to the sum of the distance of and twice that of from 
the same pl.ine: i. c. to the sum of tlie distances of Ai, A^, and A^ 
from it ; or its dir.t.uicc is the mean of theirs. And so on for any 
number of points, 'I’ho {>ruot is exceedingly simple. Thus .suppose 
to be the Mi-tiri of the lirst n points and ^4^,, any 

other point. Divide in so that '4^ i/t’ 


Then from' P,, draw perpen- 

diculars to any plane, nH«‘ting it in 5, 7*, K 
Draw P^ilR parallel to SPY. Then 
QP.n ’ :: X : + r. 

Hence RA^^^, Add to these 

H-v i QT and its equal nJ\S + R V, and we get 



QT) o nP^S+RY^ RA^^,, 
i. e, TTi /;, , nP^S ^A„^, K 

In words, « x times the distance of P^^^ from any plane is otjual 
to that of A^^^ with n times that of no. equal to the sum of the 
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distances of from the plane. Thus if the proposition 

be true for any number of points, it is true for one more — and so on 
— but it is obviously true for two, hence for three, and therefore 
generally. And it is obvious that the order in which the points are 
taken is immaterial. 

As the distance of this point from any plane is the mean Of the 
distances of the given ones, the rate of increase of that distance, 
i. e. the velocity perpendicular to the plane, must be the mean of the. 
rates of increase of their distances — i.e. the mean of their velocities 
.perpendicular to the plane.] 

195. The Centre of Inertia or Mass of a system of equal material 
points (whether connected with one another or not) is the point 
whose distance is equal to their average distance from any plane 
whatever (§ 194 ). 

A group of material points of unequal masses may always be 
imagined as composed of a greater number of equal material points, 
because we may imagine the given material points divicied into dif- 
ferent numbers of very small parts. In any case in which the magni- 
tudes of the given masses are incommensurable, we' may approach as 
near as we please to a rigorous fulfilment of the preceding statement, 
by making the parts into which we divide them sufficiently small. 

On this understanding the preceding definition may be applied 
to define the centre of inertia of a system of material points, whether 
given equal or not. The result is equivalent to this ; — 

The centre ' of inertia of any system of material points whatever 
(whether rigidly connected with one another, or connected in any 
way, or quite detached), is a point whose distance from any plane 
is equal to the sum of the products of each mass into its distance 
from the same plane divided by the sum of the masses. 

We also see, from the proposition stated above, that a point whose 
distance from three rectangular planes fulfils this condition, must 
fulfil this condition also for every other plane. 

The co-ordinates of the centre of inertia, of masses «/j, etc., 
at points (jci, yi, {x^, y^, a,), etc., are given by the following 
formulae : — 

— + €tc. 'S.WX _ 'S,wy _ __ 'S,7VZ 

Wj -t- etc. ^ 'Sew * ^ ** 'Sw * 'Sav " 

These formulae are perfectly general, and can easily be put. into 
the particular shape required for any ^ven case. 

The Centre of Inertia or Mass is thus a perfectly definite point in 
every body, or group of bodies. The term Centre of Gravity is often 
very inconveniently used for it. The theory of the resultant action of 
gravity, which will be given under Abstract Dynamics, shows that, 
except in a definite class of distributions of matter, there is no fixed 
point which can properly be called the Centre of Gravity of a rigid 
body. In ordinary cases of terrestrial gravitation, however, an ap- 
proximate solution is available, according to which, in common par- 
fance, the term Centre of Gravity may be used as equivalent to 
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Centre of Inertia • but it must be carefully remembered that the Am* 
damental ideas iiwulvcd in the two definitians are essentually ditTerent 

The sccuml proposition in § 194 may irow evidently be stated 
thus : — 'rhe sum of the momenta of the jurts of the system in any 
direction is equal to the momentum in the same direction of a mass 
fc(iual to the sum of tlie masses moving with a velocity o»iual to the 
velocity of the cetitrc of inertia. 

190. The* mean of the siiuares of tlie distances of the centre of 
inertia, /, from each of die points of a sy.slem 
is less than the mean of the squares of the dis* 
tance of any other point, O, from them by the 
square of 01. Hence the centre of inertia is 
the point the sum of the squares of whose 
distances from any given points is a minimum^ 

For 01^ 01* IP^ + 2 OI 10, P I’cing any one of the points 

and PQ peqicndicular to 01. lUit IQ is the distance of P from 
a jilanc through I perpendicular to OQ, Hence tlie mean of all 
distances, IQ, is zero. Hence 

(mean of IP*) = (mean of OP*) - OP, iVhich is the proposition. 

107, Again, the mean of the squares of the dista.nces of the points 
of the .system from any line, cxceed.s the corresponding quantity for 
a parallel line through the centre of inertia, by the stjuare of the 
distance between these lines. 

For in the above figyre, let the plane of the paper represent a 
plane through I perpendicular to these lines, 0 the point in which' 
the first line meets it, P the point in which it is met by a parallel 
line through any one of the points of the system. Draw, as before, 
PQ periicndicular to OL Then PI is the perpendicular distance, 
from the axis through /, of the point of tlie system considered, PO 
is its distance from the first axis, 01 the distance between the two 
axes. 

'Ihen, its before, 

(mean of QP*) « OP -h (mean of IP*); 
since the mean of /() is still zero, IQ being the distance of a 
point of the .system from the plane through I periien Jicular to 01. 

108. If t!u* masses of the points he unequal, it is easy to sec (as 
hi S 195) that the first of these theorems becomes — 

'I’lu: .sum of die .square.s of the ilistanccs of the parts of a sy.stcm 
from any point, each multiplied by the mass of that part, exceeds the 
C(nTe*;ponding (juantity fur the centre of inevtia by the product of 
du: s.iii.irc of the di-.tatiec of the point from die centre of inertia, by 
the whole mass of the .system. 

Also, the .sum of the products of the nw.ns of eacb narf of 
a «y.item by the fujuarc of its distance from any axi.s ia called the 
MimenQqf Inertia yf the system abuui dds axisi and tlie second 
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The moment of inertia of a system about any axis is equal to the 
moment of inertia about a parallel axis through the centre of inertia, 
/, togetherwith the moment of inertia, about the first axis, of the 
whole mass supposed condensed at Z 

199. The Moment of any physical agency is the numerical mea- 
sure of its importance. Thus, the moment of inertia of a body 
round an axis (§ 198) means the importance of its inertia relatively 
to rotation round that axis. Again, the moment of a force round a 
point or round a line (§ 46), signifies the measure of its importance as 
regards producing or balancing rotation round that point or round 
that line. 

It is often convenient to represent the moment of a force by a line 
numerically equal to it, drawn through the vertex of the triangle 
representing its magnitude, perpendicular to its plane, through the 
front of a watch held in the plane with its centre at the point, and 
facing so that the force tends to turn round, this point in a direction 
opposite to the hands. The moment of a force round any axis is the 
moment of its component in any plane perpendicular to the axis, 
round the point in which the plane is cut by the axis. Here we 
imagine the force resolved into two components, one parallel to the 
axis, which is ineffective so far as rotation round the axis is con- 
cerned ; the other perpendicular to the axis (that is to say, having its 
line in any plane perpendicular to the axis). This latter component 
may be called the effective component of the force, with reference 
to rotation round the axis. And its moment round the axis may be 
defined as its moment round the nearest point of the axis, which is 
equivalent to the preceding definition. . It is clear that the moment 
of a force round any axis, is equal to the area of the projection on 
any plane perpendicular to the axis, of the figure representing its 
moment round any'point of the axis. 

200. [The. projection of an area, plane or curved, on any plane, 
is the area included in the’ projection of its bounding line. 

If we imagine an area divided into any number of parts, the pro- 
jections of these parts on any plane make up the projection of the 
whole. _ But in this statement it must be understood that the areas 
of partial projections are to be reckoned as positive if particular 
sides, which, for brevity, we may call the outside of the projected 
area and the ffonh.of the plane of projection, face the same way, 
and negative if they face oppositely. 

Of course if the projected surface, or any part of it, be a plane area 
at right angles to the plane of projection, the projection vanishes. 
The projections of any two shells having a common. edge, on any 
plane, are equal The projection of a closed surface (or a shell with 
evanescent edge), on any plane, is nothing. 

Equal areas in one plane, or in parallel planes, have 6qua! projec- 
tions on any plane, whatever may be their figures. 

Hence the projection of any plane figure, or of any shell edged 
by cf plane figure, on another plane, is equal to its area, multipliej^ 
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by the cosine of the angle at which its plane is inclined to the plane 
of projection. This angle is acute or obtuse, according as the out- 
side of the projected area, and the front of the plane of projection, 
face on the’ whole towards the same parts, or oppositely. Hence 
lines representing, as above described, moments about a point in 
different planes, are to be compounded as forces are. See an 
analogous theorem in § 107.] 

_ 201. A Couple is a pair of equal forces acting in <hssimilar direc- 
tions in parallel lines. The Moment of a couple is the sum of the 
moments of its forces about any point in their plane, and is therefore 
equal to the product of either force into the shortest distance between 
their directions. This distance is called the Arm of the couple. 

The Axis of a Couple is a line drawn from any chosen point of 
reference perpendicular to the plane of the couple, of such magnitude 
and in such direction as to represent the magnitude of the moment, 
and to indicate the direction in which the couple tends to turn. The 
most convenient rule for fulfilling the latter condition is this : — Hold 
a watch with its centre at the point of reference, and with its plane 
parallel to the plane of the couple. Then, according as the motion 
of the hands is contrary to, or along with the direction in which the 
couple tends to turn, draw the axis of the couple through the face or 
through the back of the watch. It will be found that a couple is 
completely represented by its axis, and that couples are to be resolved 
and compounded by the same geometrical constructions performed 
with reference to their axes as forces or velocities, with* reference to 
the lines directly representing them, 

202. By introducing in the definition of moment of velocity (§ 46) 
the mass of the moving body as a factor, we have an important 
element of dynamical science, the Moment of Momentum. The 
laws of composition and resolution are the same as those already 
explained. 

203. [If the point of application of a force be displaced through 
a small space, the resolved part of the displacement in the direction 
of the force has been called its Virtual Velocity. This is positive or 
negative according as the virtual velocity is in the same, or in the 
opposite, direction to that of the force. 

The product of the force, into the virtual velocity of its point of 
application, has been called the Virtual Moment of the force. These 
terms we have introduced since they stand in the history and develop- 
ments of the science; but, as we shall show further on, they are 
inferior substitutes for a far more useful set of ideas clearly laid down 
by Newton.] 

204. A force is said to do work if its' place of application has a 
positive component motion in' its direction ; and the work done by it 
is measured by the product of its amount into this component motion. 

Generally, unit of work is done by unit force acting through unit 
space. In lifting coals from a pit, the amount of work done is 


fA weiffht of tho co3.1s lifted j that is> to the Jbrcfi 
SvM^OT^SSslng them 1 and also to the height through which they 
S“d t“ unit for the measurement of work adopted m pracace 
hv 'British engineers, is that required to overcome a force e^al to the 

^Tnpurely scfentific measurements, the unit of work is not the foot- 
pound, but the kinetic unit force (§ 190 ) acting through unit of,spac^ 
Thus, for example, as we shall show further on, this unit is adopted, 
in measuring the work done by an electnc current, the units for 
electric and magnetic measurements being founded upon the kinetic 


unit lurcc. . 

If the weight be raised obliquely, as, for instance, along a smooth 
inclined plane, the space through which the force has to be overcome 
is increased in the ratio of the length to the height of the plane ; but 
the force to be overcome is not th^ whole weight, but only the resolved 
part of the weight parallel to the plane ; and this is less than the 
weight in the ratio of the height of the plane to its length. By multi- 
plying these two expressions together, we find, as we might expect, 
that the amount of work required is unchanged by the substitution of 
the oblique for the vertical path. 


205. Generally, for any force, the work done during an Indefinitely 
small displacement of the point of application is the virtual moment 
of the force {§ 203 ), or is the product of the resolved part of the force 
in the direction of the displacement into the displacement. 

From this it appears, that if the motion of the point of application 
be always perpendicular to the direction in which a force acts, such a 
force does no work. Thus the mutual normal pressure between a 
fixed and moving body, the tension of the cord to which a pendulum 
bob is attached, or the attraction of the sun on a planet if the planet 
describe a circle with the sun in the centre, are all instances in which 
no work is done by the force. 

206. The work done by a force, or by a couple, upon a body 
turning about an a.xis, is the product of the moment of either intx) the 
angle (in circular measure) through which the body acted on turns, if 
the moment remains the same in all positions of the body. If the 
moment be variable, the above assertion is only true for indefinitely 
small displacements, but maybe made accurate by employing the proper 
average moment of the force or of the couple. The proof is obvious. 


207. tVork done on a body by a force is always shown by a cor- 
responding increase of vis viva, or kinetic energy, if no other forces 
act on the body which can do work or have work done against them. 
If work be done against any forces, the increase of kinetic energy is 
less than in the former case by the amount of work so done. In 
virtue of this, however, the body possesses an equivalent in the form 
of Potential Energy (§ 239 ), if its physical conditions are such that 
these forces will act equally, and in the same directions, if the motion 
of the system is reversed- Thus there may be no change of kinetic 
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energy protluced, and the work done may be wholly r.tnrcd tip as 
potential energy. 

Thus a wciglit require'* work to raise it to a heig.ht, a spring retjuirr-s 
work to tn-ud it, air requires wt*rk tt) Ci.iupre'a; it, e!. ; hut a lae-cil 
weight, a hent sprisig, einnpi'e .seii air, etc., arc sLra of cuergy which 
can be tnatic use tU .u ple.isuic. 

208. In what preoeties we have given some of Ni-v.'tr.n’n J'KAniit/'srs 

nearly itt his own worth; others h.ivr been <*nuni i.itf.i ui a t"ini nt*ue 
suit.ihle to modern methods; am! some terms li.ive been iutr«t*lu<ed 
whielt were inventetl subsequent to the publieaUou (if the J’fni.ifu. 
But the A.xiiim,i/a, j/re rr Jifiith, to whieh we now pro* red, ar«t 
given in Kevvittn'.s own words.'* 'I'he two eeiumies whi» h have neatly 
dapsetl sinee he first gave tlu'm liavr not ‘.Ivnvti a Jie>«- . .5tv t.tr any 
addition or moilifuatiun. The liist tw.*, imiee*!, weic de.< .oro-.l !.y 
(Jalileoi and the third, in .some of its m.ttty lorms, was known ttr 
liooke, HuygheriH, Wallis, Wren, amt others, before the putilH atton 
of the Of hate there has been a tendeney to divule the 
second law ittto two, called re-.peetively the sei<ind .md thitd, .lud to 
ignore the ihitsl entirely, thoug.h m.itig it in eveiy dvn. urn* ,il 

problem; but all who li.ivt; dune .‘;o have In-eu Jon ed stiJn >\(.y Ui 
at knowledge the imumpleteness of their .suhstltuie foj N'tm tiiu’?. :.) :.h;in, 
by introdui ingas ati axiom what h called i I'Alembert's piitn iple.whit h 
is really a deduetion fnun Newton’s rejet ted fturil law. Newton's tjwn 
interprctatiuji of his thinl law diiet tly points out nut only I t'.\leinberc*s 
principle, but also the modern principles of Work and hnefgy. 

209. Atf, Axiom is a proposition, the truth of whit h must be ad- 
mitted as soon ns the terms in which it is cxprc.ssed arc rlc.arly 
undcr.stood. And, as we shall show in our ch.ifUet on ' Isxpericnce,* 
physical axioms are axiomatic to those who have faiHit irnt knowletlge' 
of physic.d phcnnuieii.t to enable thiun to undeo.t.iiul pedeetly wh.u 
is asserted Ity them. Wuhuiit liutlier rematk we sii.ill gqve Kewlon’s 
Tlirrc I«iws; it being remembered that, as the po'pntu-i of ui.uter 
miyjif have hee.n such as to remli-r a tot.dly ditferenl .set of l.iwf, 
axiomatic, these laws mu.st be considereil as resting on < tusvit tiorus 
drawn from ohscrvaiiun ami experiment, //»'/ on intuitive pctce]iHun. 

210. I.KX I, Ci'tft/f omnt fftsarriit i/t sAtfu sit.* i/uiA.riiJi vf! 
moviSritli unijl'tmiltr in dif cAnm, msi i/nnimus tiiuj t) vtrtt'us (ntfmsis 
(oyitnr sldtum sutim muiatc. 

Every hdy (mtinua in Us sink <<f rest vr nf uniftirm mAivn in a 
straight fine, exsr/>t m sa Jar as it may i>e annjeUeJ i>y tmJreaeJ form 
ti) i'/ianye that state 

211. 'rile me.mingof the term Rest, in phvaeal fietenee, eaniiot be 
absolutely deiinnl, in e.muf h .c. absolute re-U uowhrir e,\i:a*. in n.uure. 
If tlic universe of matut were imite, in, «entte of meiti.i might f.titly 
be considered as absolutely at rest; or it mig.ht be im.igincd to bo 
nroving with any uniform velocity tn .any diredton wh.itever tlitough 
inlmiic siucc. But it is remarkable that the first krw of umium 



preliminary. 

^nobles «s befow) to explain what may be called 

JS ISl'L JriU W seen farther on, a perfectly smooth si>hencd 
body, ’ma^e up of concentric sheUs, each of uniform raaterial and 
den^ty throug£)ut, if made to revolve about an axis, wilb in sptte o] 
impressed forces, revolve with uniform angular velocity, and ’mil mmn* 
tSn its axis of revolution in an absolutely fixed direction. Or, as will 
Lou t)e shown (§ 233), the plane in which the moment of momentum 
of the universe (if finite) round its centre of inertia is the greatest, 
which is clearly determinable from the actual motions at any instant, 
is fixed in direction in space. 


212. We may logically convert the assertion of the first .law of 
motion as to velocity into the following statements : 

The times during which any particular body, not compelled by 
force to alter the speed of its motion, passes through equal spaces, 
are equal. And, again"~-Eveiy other body in the universe, not com- 
pelled by force to alter the speed of its motion, moves over 
spaces in successive intervals, during which the particular chosen body 
moves over equal spaces, 

213. The first part merely expresses the convention Universally 
adopted for the measurement of Time, The earth in its rotation 
:about its axis, presents us with a case of motion in which the con- 
dition oi not being compelled by force to alter its speed, is more 
Jsearly fulfilled than in any other which we can easily or accurately 
observe. And the numerical measurement of time practically rests 
on defining equal intervals of time, as times during which the earth turns 
through equal angles. This is, of course, a- rnere convention, and 
not a law of nature ; and, as we now see it, is a part of Newton’s 


first law. 


214. The remainder of the law is not a convention, but a great 
truth of nature, which we may illustrate by referring to small and 
trivial cases as well as to the grandest phenomena we can conceive. 

A curling-stone, projected along a horizontal surface of ice, travels 
equal distances, except in so far as it is retarded by friction and by 
the resistance of the air, in successive intervals of time during which 
the earth turns through equal angles. The sun moves through equal 
portions of interstellar space in times during which the earth turns 
through equal angles, except in so far as the resistance of interstellar 
matter, and the attraction of other bodies in the universe, alter hiS 
speed and that of the earth’s rotation. 


215. If two material points be projected from one position, A, at 
the same instant with any velocities in any directions, and bach left to 
move uninfluenced by force, the line joining them will be always 
parallel to a fixed direction. For the law asserts, as, we have seen, 
that AP AP' AQ : A(f, if P, Q, and again P', Q', are simulta- 
neous^ positions ; and therefore PQ is parallel to P'(f. Hence if four 
material noints O. P. O. R are all nrnier.ted at- nriA mcfianf 
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But, pifactically, the determinatioa of fixed directions in space 
{§ 233 ) is made to depend upon the rotation of groups of particles 
exerting forces on each other, and thus involves the Third Law of 
Motion. 

216. The- whole law is singularly at variance with the tenets of the 
ancient philosophers, who maintained that circular motion is perfect. 

The last clause, *nisi guatenus* etc., admirably prepares for the 
introduction of the second law, by conveying the idea that if isforce^ 
ulone which can produce d change of motion. How, we naturally in-| 
quire, does the change of motion produced depend on the magnitude 
and direction of the force which produces it? The answer is— 

217. Lex II. MutationeM motHs prolortionalem esse vi motrici im- 
pressae, et fieri secundum lineatn reciam quh vis ilia imprimitur. 

Change of motion is proportional to the impressed force^^ and takes place 
in the direction of the straight line in which the force acts.. 

218. If any force generates motion, a double force will generate 
double motion, and so on, whether simultaneously or successively, 
instantaneously or gradually, applied. And this motion, if the body 
was moving beforehand, is either added to the previous motion- if 
directly conspiring with it; or is subtracted if directly opposed or 
is geometrically compounded with it, according to the kinematical 
principles already explained, if the line of previous motion and the 
direction of the force are inclined . to each other at any angle. (This 
is a paraphrase of Newton’s own comments on the second law.) 

219. In Chapter I. we have considered change of velocity, or 
acceleration, as a purely geometrical element, and have seen how it 
may be at once inferred from the given initial and final velocities of a 
body. By the definition of a quantity of motion (§ 211 ), we see that, 
if we multiply the change of velocity, thus geometrically determined, 
by the mass of the body, we have the change of motion referred to in 
Newton’s law as the measure of the force which produces it. 

It is to be particularly noticed, that in this statement there is nothing 
said about the actual motion of the body before it was acted on by the 
force : it is only the chaiige of motion that concerns us. Thus^ the 
same force will produce precisely the same change of motion in a 
body, whether the body be at rest, or in motion with any velocity 
whatever.' 

220. Again, it is to be noticed that nothing is said as to the body 
being under the action of one force only ; so that we may logic^Iy 
put a part of the second law in the following (apparently) ^plified 
form 

Wheh any forces whatever act on. a body^ then, whether the body be 
origpially at rest or moving with any velocity and in any direction, each 
.force produces in the body the exact change of motion which it tvould have 
produced if it had acted singly on the body originally at rest. 

221. A remarkable consequence follows immediately from this view 
of the second law. Siqc^ forces are ineasured ^hy the changes of 
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motion they produce, and their directions assigned by the directions 
in which these changes are produced; and since the changes of 
motion of one and the same body are in the directions of, and pro- 
portional to, the changes of velocity — a single force, measured by the 
resultant change of velocity, and in its direction, will be the equivalent 
of any number of simultaneously acting forces. Hence 

Tlie resultant of any number of forces {applied at one point') is to he 
found by the same geometrical process as the resultant of any number of 
simultaneous velocities. 

222. From this follows at once (§ 31 ) the construction of the 
Parallelogram of Forces for finding the resultant of two forces, and 
the Polygon of Forces for the resultant of any number of forces, in 
lines all through one point. 

The case of the equilibrium of a number of forces acting at one 
poitrt, is evidently dcducible at once from this ; for if we introduce 
one other force equal and opposite to their resultant, this will produce 
a change of motion equal and opposite to the resultant change of 
motion produced by the given forces ; that is to say, will produce a 
Condition in which the point experiences no change of motion, which, 
as we have already seen, is the only kind of rest of which we can ever 
be conscious. 


223. Though Newton perceived that the Parallelo^am of Forces, 
or the fundamental principle of Statics, is essentially involved in the 
second law of motion, and gave a proof which is virtually the ^ame as 
the preceding, subsequent writers on Statics (especially in this country) 
have very generally ignored the fact ; and the consequence has been 
the introduction of various unnecessary Dynamical Axioms, more or 
less obvious, but in reality included in or dependent upon Newton’s 
laws of motion. We have retained Newton’s method, not only on 
account of its admirable simplicity, but because we believe it contains 
the most philosophical foundation for the static as well as for the 
kinetic branch of the dynamic science. 


224. But the second law gives us the means of measuring force, 
and also of measuring the mass of a body. 

For, if we consider the actions of various forces upon the same 
body for equal times, we evidently have changes of velocity produced 
W’hich are proportional to the forces. The changes of velocity, then, 
give us in this case the means of comparing the magnitudes of dilferent 
forces. Thus the velocities acquired in one second by the same mass 
(falling freely) at different parts of the earth’s surface, give us the 
relative amounts of the earth’s attraction at these places. 

Again, if equal forces be exerted on different bodies, the changes 
of velocity produced in, equal times must be inversely as the masses 
of the various bodies. This is approximately the case, for instance, 
with trains of various lengths started by the same locomotive: it is 
exactly realized in such cases, as the action of an electrified body on 
a number of solid or hollow spheres of the same .external, diameter, 


and of different metals. 
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Again, if we find a case in which different bodies, each acted on 
by a force, acquire in the same time the same changes of velocit)^, 
the forces must be proportional to the masses of the bodies, This, 
when the resistance of the air is removed, is the case of falling bodies j 
and from it we conclude that the weight of a body in any given 
loadity, or the force with which the earth attracts it, is proportional 
to its mass; a tuost important physical truth, which will be treated 
of mure carefully in the chapter devoted to rrui)crties of Matter. 

225. It appears, lastly, from thi.s law, that every theorem of Kine 
matics connected with acceleration has its counterpart in Kinetics. 
Thus, for instance {§ 38), we see that the force under wfiich a j)ar* 
tide describes any curve, may be resolved into two components, one 
in the tangent to the curve, tlic other hmarls the centre of curvature; 
their maguiuules being the acceleration of momentum, and the pro- 
duct of the momentum and the angular velocity about the centre of 
curvature, respectively. In the case of uniform motion, the first of 
these vanisiies, or the whole force is perpendicular to the direction 
of motion. When there is no force per])endicular to the direction 
of motion, there is no curvature, or the path is a straight line. 

220. We have, by means of the first two law:;, arrived at a dijlniiion 
and a measure of force; and have also found how to compound, and 
tiierefore also how to resolve, force.s : and also how to inve.stigato 
the motion of a single particle fiubjected to given forces. But more 
is reqvured before wc can completely understand the more cum^jlcx 
cases of motion, especially those in which we have mutual actions 
between or amongst two or more bodies; such as, for iiistahce, 
attractions, or pressures, or transferrence of energy in any form, 
This is pei^ectly supplied by 

227, Lex III. Admit mitrartam semper d aequakm esse rmctiih 
nem: sive eor/orum tiuorum aciiofies in se mulub semper esse ae.jua/es 
d in parks eonirarius dirhu. 

To any tuiion there is always an e./ual and contrary reaction: or, the 
mutual adions of any two bodies are always e.^ual and oppositely directed. 

228. If one body presses or draws another, it is pressed or 
drawn by this otlier with an cqu.al force in the 0[tposite direction. 
If any one presses a stone with his finger, his finger is pressed with 
the same force in tlie opposite direction by the atone. A horse 
towing a boat on a canal is dragged backwards by a force equal to 
that winch he irnjircsses on the towing rope forwards, By whatever 
amount, and in whatever tlirection, one body has its motion changed 
by im{mct upon another, this other body has its motion changed by 
the .same amount in tlie opposite direction; fur at each instant during 
the impact the force between them was equal and op|»o.sito on tlio 
two. Wlicn neither of the two bodies bus any rotation, whether 
before or after impact, the changes of velocity which they experience 
are inversely ub their masses. 

When one body attract.s another from a distance, this other attract:; 
it with an equal and opposite force. This law holds not only for 
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the attraction of gravitation, but also, as Ne^^on himself remarked 
and verified by experiment, for ma^etic attractions : also for electric 
forces, as tested by Otto-Guericke. 

229. What precedes is founded upon Newton’s own comments 
on the third law, and the actions and reactions contemplated are 
simple forces. In the scholium appended, he makes the following 
remarkable statement, introducing another specification of actions 
and reactions subject to his third law, the full meaning of which' 
seems to have escaped the notice of commentators ; — 

Si a^imetur ' agentis actio ex ejus m et velociiat^ conjunctim / ei 
similiter resistentis reactio aestimetur conjunctim ex ejus fartium singu- 
larim velocitaiibus et viribus resistendi ab eartim atiritione^ cohaesiohej 
jond&rCy et acceleraiione oriundis; erunt actio et reactio, dn omni instru- 
mentortm usu, sibi invicem semper aequales. 

In a previous discussion Newton has shown what . is to be under- 
stood by the velocity of a force or resistance j i. e. that it is the 
velocity of the point of application of the force resolved in the direction 
of the force, in fact proportional to the virtual velocity. Bearing this 
in mind, we may read the above statement as follows ; — 

If the action of an agent be measured by the product of its force into 
its velocity; and if, similarly, the reaction of the resistance be measured 
by the velocities of its several parts into their several forces, whether 
these arise from friction, cohesion, weight, or acceleration; — action and 
reaction, in all combinations of machines, will be equal and opposite. 

To avoid confusion it is perhaps better to use the word Activity as 
the equivalent of Actio in this second specification. 

Farther on we shall give a full, development of the consequences 
of this most important remark. 

23d. Newton, in the passage just quoted, points out that forces 
of resistance against acceleration are to be reckoned as reactions 
equal and opposite to the actions by which the acceleration is pro- 
duced. Thus, if we consider any one material point of a system, 
its. reaction against acceleration must be equal and opposite to the 
resultant of the forces which that point experiences, whether by the 
actions of other parts of the system upon . it, or by the influence of 
matter not belonging to the system. In other wordSj it must, be in 
equilibrium with these forces. Hence Newton’s view amounts to this, 
that all the forces of the system, with the reactions against accelera- 
tion of the material points composing it, form ^oups of equilibrating 
systems for these points considered individually. Hence, by the 
principle of superposition of forces in equilibrium, all the forces 
acting on' points of the system form, with the reactions against acce- 
leration, an equilibrating set of forces on the whole system. This 
is the celebrated principle first explicitly stated, and very usefully 
applied, by D’Alembert in X 742 , and still known by his name. We 
have seen, however, that it is very distinctly implied in Newton’s 
Own interpretation of his third law of motion. As .it is usual to inves- 
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tigate the general equations or conditions of equilibrium, in treatises 
on Analytical Dynamics, before entering in detail on the kinetic 
branch of the subject, this principle is found practically most useful 
in showing how we may write down at once the equations of motion 
for any system for which the equations of equilibrium have, been 
investigated. 

231. Every rigid body may be imagined to be divided into inde- 
finitely small parts. Now, in whatever form we may eventually 
find a explanation of the origin of the forces which act 

between these parts, it is certain that each such small part may be 
considered to be held in its position relatively to the others by mutual 
forces in lines joining them. 

232., From this we have, as immediate consequences of the second 
and third laws, and of the preceding theorems relating to centre of 
inertia and moment of momentum, a number of important propo- 
sitions such as the following : — 

(<z) The centre of inertia of a rigid body moving in any manner, 
but free from external forces, moves uniformly in a straight line. 

(h) When any forces whatever act on the body, the motion of the 
centre of inertia is the same as it would have been had these forces 
been applied with their proper magnitudes, and directions at that 
point itself 

"(c) Since the moment of a force acting on a particle is the same 
as the moment of momentum it produces in unit of time, the changes 
of moment of momentum in any two parts of a rigid body due to 
their mutual action Axe- equal and opposite. Hence the moment of 
momentum of a rigid body, about any axis which is fix;ed m direction, 
and passes through a point which is either fixed in space or moves 
uniformly in a straight line, is unaltered by the mutual actions of the 
parts of the body, 

{d) The rate of increase of moment of momentum, when the body 
is acted on by external forces, is the sum of the moments of these 
forces about the axis. 

233. We shall for the presetit take for granted,' that the mutual 
action between two rigid bodies maiy in every case be ima^ned as 
.composed of pairs of equal and opposite forces in straight fines. 
From this it follows^ that the sum of the quantities of motion, parallel 
to any fixed direction, of two rigid bodies influencing one another 
in any possible v^ay, remains unchanged by their mutual action; 
also that the sum of the moments of momentum of all the particles 
of .the two bodies, round any line in a fixed direction in space, and 
passing through any point moving uniformly in a straight line in any 
direction, remains constant. From the first of these propositions we 
infer that the centre of inertia of any^ number of mutually influencing 
bodies, if in motion, continues moving uniformly in a straight line, 
unless in so far as. the direction or velocity of its motion is changed 
by forces acting mutually between them- and some other matter not 
bellonging to themi also that the centre of inertia of any body or 
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system of bodies -moves Just as all their matter, if concentrated in 
a point, would move under the influence of forces equal and parallel 
to the forces really acting on its dififerent parts. From the second 
we infer that the axis of resultant rotation through the centre of 
inertia of any system of bodies, or through any point either at rest 
or moving uniformly in a straight line, remains unchanged in direc- 
tion, and the sum of moments of momenta round it remains constant 
if the system experiences no force from without. This principle 
is sometimes called Conservation of Areas, a not very convenient 
designation. From this principle it follows that if by internal action 
such as geological upheavals or subsidences, or pressure of the winds 
on the water, or by evaporation and rain- or snow-fall, or by any in- 
fluence not depending on the attraction of sun or moon (even though 
dependent on solar heat), 'the disposition of land and water becomes 
altered, the component round any fixed axis of the. moment of mo- 
mentum of the earth’s rotation remains constant. 

. ^ 231 The kinetic energy of any system is equal to the sum of the 
kinetic energies of a mass equal to the sum of the masses of the 
system, moving with a velocity equal to that of its centre of inertia, 
and of- the motions of the separate parts relatively to the centre of 
inertia. 

Let <?/ represent the velocity of the centre of inertia, IP t^at of 
p 'any point of the system relative to 0 , Then 
the actual -velocity of that point is OP, and the 
\ proof of § 196 .applies at once^ — it being re- 

/ i membered that the mean of IQ, i. e. the mean 

of the velocities relative to the centre pf inertia 

^ parallel to 01 , is zero by § 65. 

235 . The kinetic energy of rotation of a rigid system about anyi 
.axis is 55, expressed by where m is the mass of 

any part,, r its distance, from the axis^ and <0 the angular velocity pf 
rotation. It^ may evidently be written in the form The 

factor '%mr* is of course (§ 198} i)^Q^MQMeht of Inertia of the system 
about the axis in question. 

Tt is worth while to notice that the moment of momentum pf any 
rigid System about an axis, being is the product of 

the an^lar velocity into the moment of inertia; while, as above, the 
half product of the .moment of inertia by the square of the angular 
velocity is the kinetic energy. 

If we take a quantity k, such that 
Pirn — 

k is called the Radius of Gyration about the axis from which r.Js 
measured. The radius of gyration about any axis is therefore the 
distance from that axis at which, if the whole mass were placed, it 
would have the same moment of inertia as before. In a flv-wheel. 
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greater part of the mass is formed into a ring 'of the largest admis* 
sible diameter, and the radius of this -ring is then approximately the 
radius of gyration of the whole. 

230. The rate of increase of moment of momentum is thus, in New- 
ton’s notation (§ 28), and, in the case of a body free to rotate 

about a fixed axis, is equal to the moment of the couple' about that 
axisi Hence a constant couple gives uniform acceleration of angular 

velocity; or By § 178 we see that the corresponding. 

formula for linear Acceleration is I’a i ) »» 

237. For every rigid body there may be described about any point 
as centre, an ellipsoid (called Poinsofs Momental Ellipsoid) which is 
such that the length of any radius-vector is inversely pippottioiial to 
the radius of gyration of the body about that radius-r^fictor as axis. 

The axes of the ellipsoid are Principal Axes xsi inertia of the 
body at the point in question. 

When the moments of inertia about two of these^ are^ equal, the 
ellipsoid becomes a spheroid, and the radius of gyration is the same 
for every axis in the plane of its equator. 

■WTien all three principal moments are equal, the ellipsoid becomes 
a sphere, and .every axis has the same radius of gyration. 

238. The principal axes at any point of a rigid body are normals 
to the three surfaces of the second order which pass through that 
point, and are confocal with an ellipsoid, having its centre at the 
centre of inertia, and its three principal diameters coincident with the 
three principal axes through these points, and equal respectively .to 
the doubles of the radii of gyration round them. This ellipsoid is 
called the Central Ellipsoid. 

238.. A rigid body is said to be kinetically symmetrical about its 
centre of inertia when its moments of inertia about three principal 
axes through that point are equal; and therefore necessarily the 
moments of inertia about .a/7 axes through that point equal v(§ 237)^ 
and all these axes principal axes. About it uniform spheres, cubes, 
and in general any complete crystalline solid of the first system (see 
chapter on Properties of Matter) are kinetically symmetrical. 

A rigid body is kinetically symmetrical about an axis when this 
•axis is one of the principal axes through the centre of inertia, and 
the moments of inertia about the other two, and therefore about any 
line in their plane, are equal. A spheroid, a square or equilateral 
triangular prism or plate, a circular ring, disc, or cylinder, or any 
complete crystal of the second or fourth system, is Jdnietic^ly sym» 
metrical- about its axis. 

240. The foundation of the abstract theory of energy is laid by 
Newton in an admirably distinct and compact manner in the sentence 
of his Achpiium already quoted..(§ 229), .in which he points out its 
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application to mechanics^ The actio agentis, as he defines it, which 
IS evidently equivalent to the product of the effective component of 
the force, into the velocity of the point on which it acts, is simply, in 
modem English phraseology, the rate-at which the agent works. The 
subject for measurement here is precisely the same as that for which 
•Watt, a hundred years later, introduced the practical unit of a ^ Horse- 
power ' or the rate at which an agent works when overcoming 33,000 
4 imes the weight of a pound through the space of a foot in a minute; 
that is, producing 550 foot-pounds of work per second. The unit, 
however, which is most generally convenient is that which Newton’s 
definition implies, namely, the rate of doing work in which the unit 
of energy is produced in the unit of time. 

241 . Looking at Newton’s words (§ 229) in this light, we See that 
they may be logically converted into the following form : — 

Work done on any system of bodies (in Newton’s statement, the parts 
of any machine) has its equivalent in work done<r against friction, 
molecular forces, or gravity, if there be no acceleration; but if there 
be acceleration, part of the work is expended in overcoming the resistance 
to acceleration, and the additional kinetic energy developed is equivalent 
to the work so spent. This is evident from § 180. 

When part of the work is done against molecular forces, as in 
bending a spnng; or against gravity, as in raising a weight; the 
recoil of the spring, and the fall of the weight, are capable at any 
future time, of reproducing the work originally expended (§ 207). 
But in Newton’s day, and long afterwards, it was supposed that work 
was absolutely lost by friction, and, indeed, this statement is still to 
be found even in recent authoritative treatises. But we must defer 
the examination of this point till we consider in its modem form the 
principle of Conservation of Energy. 

242 . If a system of bodies, given either at rest or in motion, be 
influenced by no forces from without, the sum of the kinetic energies 
of all its parts is augmented m any time by an amount equal to the 
whole work done in that time by the mutual forces, which we may 
imagine as acting between its points. When the lines in which these 
forces act remain all unchanged in length, the forces do no work, and 
the sum of the kinetic energies of the whole system remams constant. 
If, on the other hand, one of these lines varies in length during the 
motion, the mutual forces in it will do work, or will consume work, 
according as the distance varies with or against them. 

243 . 'k. limited system of bodies is said to be dynamically con- 
servative (or simply conservative, when force is understood to be the 
•subject), if the mutual forces between its parts always perform, ’or 
.always consume, the same amount of work during any motion 

' The reader will remember that we use the word ‘mechanics’ in its true classical 
sense, the science of machines, the sense in which Newton himself used it, when he 
•dismissed the further consideration of it by saying (in the scholium referred to), 
^aeterutn mtchanicam tractare non est Aujus imtiiuH. ' 
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whatever, by which it can pass from one particular configuration 
to another. 

244. The whole theoiy of energy in physical science is founded 
on the following proposition : — 

If the mutual forces between the parts of a material system are 
independent of their velocities, whether relative to one another, or 
relative to any external matter, the system must be dynamically 
conservative. 

For if more work is done by the mutual forces on the different 
parts of the system in passing from one particular configuration to 
another, by one set of paths than by another set of paths, let the 
system be directed, by frictionless constraint, to pass from the first 
configuration to the second by one set of paths and return by the 
other, over and over again for ever. It will be a continual source of 
energy without any consumption of materials, which is .impossible. 

245. The potential energy of a conservative system, in the confi- 
guration which it has at any instant, is the amount of work that its 
mutual forces perform during the passage of the system from any 
one chosen configuration to the configuration at the time referred to. 
It is generally, but not always, convenient to fix the particular con- 
figuration chosen for the zero of reckoning of potential energy, so 
that the potential energy, in every other configuration practically 
considered, shall be positive. 

246. The potential energy of a conservative system, at any instant, 
depends solely on its configuration at that instant, being, according to 
definition, the same at all times when the system is brought again 
and again to the same configuration. It is therefore, in mathematical^ 
language, said to be a function of the co-ordinates "by which the 
positions of the different parts of the system are specified. If, for 
example, we have a conservative system consisting of two material 
points ; or two ngid bodies, acting upon one another with force 
dependent only on the relative position of a point belonging to one 
of them, and a pomt belonging to the other; the potential energy 
of the system depends upon the co-ordinates of one of these points 
relatively to lines of reference in fixed directions through the other. 
It will therefore, in general, depend on three independent co-ordi- 
nates, which we may conveniently take as the distance between the 
two points, and two angles specifying the absolute direction of the 
line joining them. Thus, for example, let the bodies be two uniform 
metal globes, electrified with any given quantities of electricity, and 
placed in an insulating medium such as air, m a region of space 
under the influence of a vast distant electrified body. The mutual 
action between these two spheres will depend solely on the relative 
position of their centres. It will consist partly of gravitation, de- 
pending solely on the distance between their centres, and of electric 
force, which Will depend on the distance between them, but also, in 
virtue of the inductive action of the distant body, will depend on the 
absolute direction of the line joining their centres. Or again, if the 
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system consist of two balls of soft iron, in any locality of the earth’s 
surface, their mutual action will be partly gravitation, and partly 
due to the magnetism induced in them by terrestriar magnetic force. 
The portion of the potential energy depending on the latter cause, 
will be a function of the distance between their centres and the in- 
clination of this line to the direction of the terrestrial magnetic force. 

24:7. In nature the hypothetical condition of § 243 is apparently 
violated in all circumstances of motion, A material system can never 
be brought through any returning cycle of motion without spending 
more work against the mutual forces of its parts than is gained from 
these forces, because no relative motion can take place without 
meeting with frictional or other forms of resistance; among which 
are included (x) mutual friction between solids sliding upon one 
another; (2) resistances due to the viscosity of fluids, or imperfect 
elasticity of solids; (3) resistances due to the induction of electric 
currents; (4) resistances due to varying magnetization under the 
influence of imperfect magnetic retentiveness. No motion m nature 
can take place without meeting resistance due to some, if not to all, 
of these influences. It is. matter of everyday experience that friction 
and imperfect elasticity of solids impede the action of all artificial 
mechanisms; and that even when bodies are detached, and left to 
move freely in the air, as falling bodies, or as projectiles^ they expe 
rience resistance owing to the viscosity of the air. 

The greater masses, planets and comets, moving in a less resisting 
medium, show less indications of resistance’. Indeed it cannot be said 
that observation upon any. one of these bodies, with the possible excep- 
tion of Encke’s comet, has demonstrated resistance. But the analogies 
of nature, and the ascertained facts of physical science, forbid us to 
doubt that every one of them, every star, and every body of any kind 
moving in any part of space, has its relative motion impeded by the 
fair, gas, vapour, medium, or whatever we choose to call the substance 
occupying the space immediately round it; just as the motion of a 
rifle-bullet is impeded by the resistance of the air. 

248. There are also indirect resistances, owing to friction impeding 
the tidal motions, on all bodies which, like the earth, have portions 
of their free surfaces covered by liquid, which, as long as these bodies 
move relatively to neighbouring bodies, must keep drawing off energy 
from their relative motions. Thus, if we consider, in the first place, 
the action of the moon alone, on the earth with its oceans, lakes, and 
rivers, we perceive that it must tend to equalize the periods of -the 
earth’s rotation about its axis, and of the revolution of the two bodies 
about their centre of inertia ; because as long as these periods differ, 
the tidal action of the earth's surface must keep subtracting energy 
from their motions. To view the subject more in detail, and, at the 
same time, to avoid unnecessary complications, let us suppose the 

* Newton, Principia. (Remarks on the first law of moripn.) ‘Majora autem 
Planetarum et Cometarum corpora motus suos et progrcssivos et circulares, in 
tpatiis minus resistentibus fiictos, conservant diutius.* 
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moon to be a uniform sphencal body. The mutual action a 
reaction of gravitation between her mass and the earth’s, will 
equivalent to a single force m-some line through her centre, a 
must be such as to inqiede the earth's rotation as long as this 
performed in a shorter period thim the moon's motion round I 
earth. It must therefore he in some such direction as the line A: 
m tlie thagram, which represents, necessarily 
with enormous exaggeration, its deviation, 

OQ, from the earth's centre. Now the actual 
force on the moon m the line MQ, may be 
regarded as consisting of a force in the line 
AW towards tlie earth's centre, sensibly 
cipial m amount to the whole force, and a 
comparatively very small force in the line 
AIT perpendicular to AfO This latter is 
very nearly tangential to the moon's path, 
and IS in the direction with her motion. 

Such a force, if suddenly commencing to act, would, in the first pla 
increase the moon’s velocity; but after a certain time she would hr 
moved so much farther from the earth, m virtue of this .acceleratK 
as to have lost, by moving against the earth’s attraction, as mi 
velocity as slie had gamed by the tangential accelerating force. 1 
integral etfcct on the moon’s motion, of the particular disturb! 
cause now under consulcrauon, is most easily found by using the pr 
ciple of momcivts of momenta {% 233). Thus we sec that as nu 
moment of momentum is gamed in any time by the motions of 1 
centres of inertia of^thc moon and earth relatively to their comm 
centre of inertia, as is lost by the earth’s rotation about its axis, 
is found that the distance would be increased to about 347,100 mil 
and the jicriod lengthened to .pH-3f) days. Were there no other bo 
in the universe but die earth and the moon, these two bodies mi{ 
go (HI moving thus for ever, in circular orbits round their comm 
centre of inerti.a, and the earth rotating about its axis in the sa 
period, so as always to turn the same face to the moon, and therefi 
to have all the lupiids at its surface at rest relatively to the solid. 1 
the existence of the sun wuulil prevent any such state of things fr 
being permanent. There would be solar tides— -twice high water a 
twiec low watcr—in the periinl of the earth’s revolution relatively 
the sun (that is to say, twic.c in the solar day, or, which would be 
same tiling, the momh^. This could not go on without loss of enc: 
by fluid friction. It is not easy to trace the whole course of i 
disturbance In the earth's and moon's motions which this cat 
would produce, but its ultimate, cfl’cct must be to bring the cai 
muon, and sun to rotate round their common centre of inertia, 1 
jiarts of one rigid body. It is probable that the moon, in unci 
times lujuid nr viscous in its outer layer if not throughout, was tl 
brought to turn always the .same f.iee to the earth. 
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resisting medium through which the earth and moon move; but what- 
-ever it may be, there can be but one ultimate result for such a system 
as that of the sun and planets, if continuing long enough under ex- 
isting laws, and not disturbed by meeting with other moving paasses 
in space. That result is the falling together of all into one mass, 
which, although rotating for a time, must in the end come to rest 
relatively to the surrounding medium. 

250. The theory of energy cannot be completed until we are able 
to examine the physical influences which accompany loss of energy 
in each of the classes of resistance mentioned above (§ 247 ). We 
shall then see that in-.every case m which energy is lost by resistance, 
heat is generated; and we shall learn from Joule’s investigations that 
the quantity of heat so generated is a perfectly definite equivalent for 
the energy lost.^ Also that in no natural action is there ever a develop- 
ment of energy which cannot be accounted for by the disappearance 
of' an equal amount elsewhere by means of some known physical 
agency. Thus we shall conclude, that if any limited portion of the 
material universe could be perfectly isolated, so as to be prevented 
from either giving energy to, or taking energy from, matter external 
to it, the sum of its potential and kinetic energies would be the same 
at all times: in other words, that every material system subject to no 
other forces than actions and reactions between its parts, is a dyna- 
mically conservattve system, as defined above (§ 243 ). But it is only 
when the inscrutably minute motions among small parts, possibly the 
ultimate molecules of matter, which constitute light, heat, and mag- 
netism; and the intermolecular forces of chemical affinity; are taken 
into account, along with the palpable motions and measurable forces 
of which we become cognizant by direct observation, that we can 
recognize the universally conservative character of all natural dynamic 
action, and perceive the bearing of the principle of reversibility on the 
whole class of natural actions involving resistance, which seem to 
violate iL In the meantime, in our studies of abstract dynamics, it 
will be sufficient to introduce a special reckoning for energy lost in 
working against, or gamed from work done by, forces not belonging 
palpably to the conservative class. 

251. The only actions and reactions between the parts of a system, 
not belongmg palpably to the conservative class, which we shall con- 
sider in abstract dynamics, are those of fnction between solids sliding 
on solids, except m a few instances in which we shall consider the 
general character and ultimate results of effects produced by viscosity 
of fluids, imperfect elasticity of solids, imperfect electnc conduction, 
or imperfect magnetic retentiveness. We shall also, in abstract dyna- 
tmcs, consider forces as applied to parts of a limited system arbitrarily 
from without. These we shall call, for brevity, the applied forces. 

252. The law of energy may then, m abstract dynamics, be ex- 
pressed as follows : — . 

The whole work done in any time, on any limited material system, 
by applied forces, is equal to the whole effect m the forms of potential 
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and kinetic energy produced in the system, together with the work lost 
in friction. 

253. This prin'ciple may be regarded as comprehending the whole 
of abstract dynaaiics, because, as we now proceed to show, the con- 
ditions of equilibrium and of motion, in every possible case, may be 
derived from it. 

254. A material system, whose relative motions arc. unresisted by 
friction, is in c/iuilibriurn in any particular configuration if, and is not 
in equilibrium! unless, the rate at wliich the ajiplied forces jierform 
work at the instant of passing through it is equal to that at which 
potential energy is gained, m every possible motion through that 
configuration. This is the celebrated principle of virtual velocities 
whieii Lagrange made the basis of his Mixaniijue xinalytujue. 

266. To prove it, we have first to remark that the system cannot 
possibly move away from any particular configuration except by work 
being done upon it by the forces to which it is subject; it is therefore 
in eejuilibrium if the stated condition i.s fulfilled. To ascertain that 
nothing less than this (,‘ondition can secure the ef|uilil>nuin, let us 
first consider a system luivuig only one degree of freedom to move. 
Whatev{;r forces act on the whole system, we may always bold it in 
equilibrium by a single force applied to any one point of the system 
in its line of motion, opposite to the direction in which it tends to 
move, and of .such magnitude that, in any infinitely small niotion in 
either direction, it shall resist, or .shall do, as much work as the other 
forces, whether applied or internal, altogether do or re.sist. Now, by 
the principle of superposition of forces m equilibrium, we might, 
without altenng their effect, apply to any one point of the system such 
a force as we have just seen would hold the .system m equilibrium, and 
another fcirce Cijual and opposite to it. All the. other forces being 
b.ilanced by one of these two, they and it might ag.ain, by the \)rinciple 
of superposition of fiirces in eiiuilibrium, be removed; and therefore 
the whole sitt of given forces would produce the same elfect, whether 
for equililirium or for motion, as the single force which is left acting 
alone. Thi.s single force, since it is in a line in which the point of its 
ajiplication is free to move, mu.st move the system. Hence the given 
forces, to whii'h the .single force has been proved, t'quivalent, cannot 
jwssibly be in eipiilibrium unle.ss their whole work for an infinitely 
small motion is nothing, in which case the single equivalent force is 
reduced to nothing. Hut whatever amount ol freedom to move the 
whole system m.ay h.ave, we may alway.s, by the ap()lication of fno 
tionless constraint, limit it to one degree of freedom only;-™and this 
may be freedom to execute any particular motion whatever, possible 
under the given conditions of the sy.stem. If, therefore, m any such 
infinitely snudl motion, there is variation of potentuil energy uncom- 
pensated by work of the applied forces, con.sfaraint limiting the freedom 
of the system to only this motion will bring u.s to the case in which we 
have lust demonstrated there cannot be equilibrium. But the appUca- 
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tion of constraints limiting motion cannot possibly disturb equilibrium, 
and therefore the given system under the actual conditions cannot be 
in equilibrium in any particular configuration if the rate of doing work 
is greater than that at which potential energy is stored up in any pos- 
sible motion through that configuration. 

256. If a material system, under the influence of internal and 
applied forces, var3nng according to some definite law, is balanced 
by them in any position in which it may be placed, its equilibnum is 
said to be neutral. This is the case with any spherical body of 
uniform material resting on a horizontal plane. A right cylinder or 
cone, bounded by plane ends perpendicular to the axis, is also in 
neutral equilibnum on a horizontal plane. Practically, any mass of 
moderate dimensions is in neutral equilibrium when its centre of 
inertia only is fiixed, since, when its longest dimension is small m 
comparison with the earth’s radius, gravity is, as we shall see, ap- 
proximately equivalent to a single force through this point. 

But if, when displaced infinitely little in any direction from a par- 
ticular position of equilibrium, and left to itself, it commences and 
.^continues vibrating, without ever experiencing more than mfimtely 
small deviation in any of its parts, from the position of equilibnum, 
the equilibnum in this position is said to be stable. A weight sus- 
pended by a string, a uniform sphere m a hollow bowl, a loaded sphere 
resting on a honzontal plane with the loaded side lowest, an oblate 
body resting with one end of its shortest diameter on a honzontal 
plane, a plank, whose thickness is small compared with its length and 
breadth, floating on water, are all cases of stable equilibnum; if we 
neglect the motions of rotation about a vertical axis m the second, 
third, and fourth cases, and horizontal motion in general, in the fifth, 
for all of which the equilibrium is neutral. 

If, on the other han^, the system can be displaced in any way from 
a position of equilibnum, so that when left to itself it will not vibrate 
within infinitely small limits about the position of equilibrium, but will 
move farther and farther away from it, the equilibrium m this position 
is said to be unstable. Thus a loaded sphere resting on a horizontal 
plane with its load as high as possible, an egg-shaped body standing 
on one end, a board floatmg edgewise in water, would present, if they 
could be realized in practice, cases of unstable equilibrium. 

When, as in many cases, the nature of the equilibrium varies with 
the direction of displacement, if unstable for any possible displace- 
ment it IS practically unstable on the whole. Thus a circular disc 
standing on its edge, though in neutral equilibrium for displacements 
in its plane, yet being in unstable equilibrium for those perpendicular 
to its plane, is practically unstable. A sphere resting in equilibnum on 
a saddle presents a case in which there is stable, neutral, or unstable 
equilibnum, according to the direction in which it may be displaced 
by rolling; but practically it is unstable. 

^ 257. The theory of energy shows a very clear and simple test for 
discriminating these characters, or determining whether the equilibnum 


DYNAMICAL LAWS AND PRINCIPLES. 


IS neutral, stalile, or unstable, in any case. If there is just as m 
potential energy stored up as there is work performed by the applied ; 
internal forces in any possible displacement, the equilibrium is neu( 
but not unless. If in every possible infinitely small displacetr 
fVom a position of eipiilibnum there is more iiotential energy stt 
up than work done, the eijiulibrium is thoroughly stable, and 
unless. If m any or in every uvfuntely small displacement ffoi 
position, of equilibrium there is more work done than energy stc 
up, the ecpiilibnum is unstable. It follows that if the .sy.stmn i.s 
fluenced only by internal forces, or if the aiiplied forces follow 
law of doing alway.s the same amount of work upon the system p 
ing from one configuration to another by all possible paths, the wl 
potential energy must be constant, in all positions, for neutral eq 
brium; mu.st be a nuniuuun for positions of thoroughly stable, eq' 
bniuu ; mu.st be either a maximum for all (.li.splacement.s, or a niaxitr 
for some displacements and a rnmimum for others, when then 
unstable equilibrium 

258. We have .seen that, according to D'Alcrnbert'.s principle: 
exjilained above (§ 2.p)), forces acting on the dill'crent points ( 
material sysiein, and llieir icactiuns ag.unst the accek'r.uioiis wl 
they actually experience in any case of luutiun, are in cquilibr 
with one another. Hence in any actual case of motion, not onl 
the actual work done by llie forces equal to the kmetie energy j 
dueetl in any mfumely small tune, m virtue of the actual accdcratu 
but so also IS the work which wouUl be done by the forces, m 
infinitely small time, if the velocities of the points constituting 
system were at any instant changed to any iKis.sihle infinitely .hi 
velocities, and the accelerations unchanged, 'I'lns .Htaternent, vv 
put into the concise language of mathematical analysis, c.onstiU 
laigrange's applic.uioa of lli<’ ' p^'^'^ 'I'le of virtual velocities’ to 
jiress tlie conditiiiir; of 1 )';\lcmliert's eijiiilihriuin bclwium the foi 
ucliug, and the i esc, lam c:; of the masses to acceleration. U c 
jiicheuds, as we have :,ccii, cvciy possible comlitum of every is'iS' 
motion, 'riie ‘cqu.Uious of imition' m any particular case arc 
I^igrangc has shown. tlcduc<-d from it with great case 

250. When twti bittlu's, m relative motion, come into font 
pressure luq'ins to act beiweeii ilicm to prevent any parts of tl 
from jointly oeeujiymg the : .uur space. This forc'c i tnnmences fi 
nothing at the Inst point ol ( ulliston, and gratlually uierrascsper i 
of area on a gradually uu re.ism.g surface of contact. If, as is alu 
the case m n.uurc, each biidy possesses some degree of elasticity, i 
if they are not kejU together alirr the uupat t by lohcsion, or by ?a 
.arlilici.d apjili.incc, the mutii.i! pressure between them will le.u 
m.ixitiniin, will begin to dnmmsli, .uid m the end will come to noth 
by gradually dtmuir.hmg m amounf per unit of area on a gradu 
dmnmshuig Mitfue ol iimt.ut. 'I'hc whole process would occ 
not greatly nu>fe or less ih.in an hour il the lHHhe!i were of s 
diinen.Hiuns as the earth, mid such degrees of rigidity us copper, st 


or glass. It is finished, probably, within a thousandth of a' second, 
if they are globes of any of these substances not exceeding a yard 
in diameter. 

260. The whole amount, and the direction, of the ^ Impact’ 
rienced by either body in any such case, are reckoned according to 
'the ‘change of momentum’ which it experiences. The amount of 
the impact is measured by the amount, and its direction by the 
direction of the change of momentum, which is produced. The 
component of an impact in a direction parallel to any fixed line is 
similarly reckoned according to the component change of momentum 
in that direction. 

261. If we imagine the whole time of an impact divided into 
a very great number of equal intervals, each so short that the force 
does not vary sensibly during it, the component change of momentum 
in any direction during any one of these intervals will (§ 185 ) be 
equal to the force multiplied by the measure of the interval. Hence 
the component of the impact is equal to the sum of the forces in all 
the intervals, multiplied by the length of each interval. 

262. Any force in a constant direction acting in any Circumstances,' 
for any time great or small, may be reckoned on the same principle j 
so that what we may call its whole amount during any time, or its 

' /ime-iniegmi,’ will measure, or be measured by, the whole momentum 
which It generates in the time in question. But this reckoning is not 
often convenient or useful except when the whole operation con- 
sidered is over before the position of the body, or configuration of 
the system of bodies, involved, has altered to such a .degree as to 
bring any other forces into play, or alter forces previously acting, 
to such an extent- as to produce any sensible effect on the rapmentum 
measured. Thus if a person presses gently with his hand, during 
a few seconds, upon a mass suspended by a cord or chain, he pro- 
duces an effect which, if we know the degree of the force at each 
instant, may be thoroughly calculated on elementary principles. No 
approximation to a full determination of the motion, or to answering 
sucli a partial question as ‘ how great will be the whole deflection 
produced?’ can be founded on a knowledge of the ' time-integral’ 
alpne. If, for instance, the force be at first very great and gradually 
dimmish, the effect will be very different from what it would be if the 
force were to increase very gradually and to cease suddenly, even 
although the time-integral were the same in the two pses._ But if 
the same body is ‘ struck a blow,’ in a horizontal direction, either by 
the hand, or by a mallet or other somewhat hard mass, the action 
of the force is finished before the suspending cord has experienced 
any sensible deflc.ction from the vertical. Neither gravity nor any 
Other force sensibly alters the effect of the blow. And therefore the 
whole momentum at the end of the blow is sensibly equal to the 
‘amount of the .impact,’ which is, in this case, simply the time- 
integral. 


distance above it — employed to measure the velocity of a cannon or 
musket-shot. The shot is fired into the block in a horizontal direc. 
tion perpendicular to the axis. The impulsive penetration is so 
nearly instantaneous, and the inertia of the block so large compared 
with the momentum of the shot, that the ball and pendulum are 
moving on as one mass before the pendulum has been sensibly deflected 
from the position of equilibrium. This is the essential peculiarity of the 
ballistic method ; which is used also extensively in electro-magnetic 
researches and in practical electric testing, when the integral quantity 
'of' the electricity which, has passed in a current of short duration is to 
be measured. The ballistic formula (§ 272 ) is applicable, with the 
proper change of notation, to all such cases. 

264. Other illustrations of the cases in which the time-integral 
gives us the complete solution of the problem may be given without 
limit. They include all cases in which the direction of the force is 
always coincident with the direction of motion of the moving body, 
and those special cases in which the time of action of the force is so 
short that the body’s motion does not, during its lapse, sensibly alter 
its relation to the direction of the force, or the action of any other 
forces to' which it may be subject. Thus,, in the vertical fall of a 
body, the time-integral gives us at once the change of momentum ; 
and the same rule applies in most cases , of forces of brief duration, 
as in a ‘drive’ in cricket or golf. 

265. The simplest case which we can consider, and the one usually 
treated as an introduction to the subject, is that of the collision of 
two smooth spherical bodies whose centres ‘before collision were, 
moving in the same straight line. The force between them at each 
instant must be in this line, because of the symmetry of circumstances 
round it j and by the third law it must be equal in amount on the 
two bodies. Hence (Lex II.) they must experience changes of 
motion at equal rates in contrary directions ; and at any instant of 
the impact the integral amounts of these changes of motion must be 
equal. Let us suppose, to fix the ideas, the two bodies to be moving 
both before and after impact in the same direction in one line : one 
of them gaining on the other before impact, and either following it 
at a less speed, or moving along with it, as the case may be, after 
the impact is completed. Cases in which the former is driven back- 
wards by the force of the collision, or in which the two moving in 
opposite directions meet in collision, are easily reduced to dependence 
on the same formula by the ordinary algebraic convention with regard 
to positive and negative signs. 

In the standard case, then, the quantity of motion lost, up to any 
instant of the impact, by one of the bodies, is equal to that gained 
by the other. ' Hence at the instant w)ien their velocities are equalized 
they move as one mass with, a momentum equal to the sum of the 
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if J/, J/ denote the masses, of the .two boaies, and V, V their 
vchifiiics licfurc impact. 

iHuiu}; this fvTHt period of the impact the bodies have been, on 
ihr wlinlc, Cuming into closer contact \Vith one another, through a 
compu-ssi. m or deformation exporierjeed by Bach, and .resulting, as 
rrm.uked above, in a fitting together of .the two surfaces over a 
i'mite niiM. No body in nature is perfectly inelastic 3 and hence, 
at the instant of closest appro-ximatron, the mutual force called 
into .utiuu between the two bodies continues, and tends to separate 
them, llidess prevented by natural .surface cohesion or welding (such 
as is .ihvays found, as we shall see later in our chapter on Properties 
of M.aier* however hard. and well polished the surfaces may be), or 
by mttliei.d appliances (such as axoating of wax, applied in one of 
the itiuunun illustrative experiments; or the coupling applied between 
two i.nhv.iy e.iniages when run together so as to push in the springs, 
.(> . Mtdm.e. to the usual practice at railway-stations), the two bodies are 
.u t-a.iily •.ep.u.ited by this force, and move away from one another. 
Newton louutl that, fi\Kndcd the impact is not so violent as to make any 
i.'.'.'o'.bV permanent indentation in either body, the relative velocity of 

i u.uton alter the imiiaet bc.ars a proportion to their previous 
iri,i,n‘.r v< loi !iy of appioaeh, which is constant for the same two 
b,'. hes, ‘Ihis prupotiiou, always less than unity, approaches more 
.ui I tuote neatly to it the harder the bodies arc. • TThus with balls of 
i ..mpiessnl wool hr fouml it 5 -, iron nearly the same, glass ^4. The 
rrsnlirt of mote recent experiments on the same subject have con- 
lintttrd Nrwuni'.S hi'''* These will be, described later. In any case 
t.{ thr rolliMon of two balfs, let rf denote this proportion, to which we 
Ihr n.itur Voeifteient of diesiiiutiotP ; and, with previous nota- 
{.m. h-t m .idilition If U' denote. the velocities of the two bodies 
tltr rout lu*<itm of the impact; in the standard case each being- 
pM-.;uvr. but 6 '! 'rhen wc have 

ir~ V), 

Mi l brforc, sinre our has lost as much momentum as the other 
b . . . uu - 1 , M' U' ^ MV + Af V, 


I t-na thi".c rtluatious wr find 

(Af + V'-eM'(V- V'l 

.1 i.imiDr expression for (f . 

I ! , t M.. f-rn ur.uivs thi'. is called tv ‘cocflicicTit of elasticity;’ a 

'* ... ... p u ,„4y l„., Py Ncwloii's -words, but utterly at variance witU 

-biJi l o s-.ib: ' iii'fk’tn kuDwlcdue rcuarduiK elasticity. 


{M + A/') {V- U)^ar( V- V') V- {Af-^ Af')v + MV\, 

and therefore . v - C/^ e ( V- v). 

Of course we have also If — v =>e{v— V). 

These results may be put in words thus ; — The relative velocity of 
either of the bodies with regard to the centre of inertia of the two 
IS, after the" completion of the impact,, reversed in direction, aiitf 
diminished in the ratio e : i. 

266. Hence the loss of kinetic energy, being, according to §§ 233, 
'234, due only to change of kinetic energy relative to. the 0 atre of 
inertia, is to this part of the whole as i - ^ : i." 

Thus by § 234, 

Initial kinetic energy « ^ {Af + ^Ad ( K- z/)* + -y AT (t/— K')*- 

Final • „ Af')'iA -Uy 

Loss - f){Af{V-vY Af (v 

267. When two elastic bodies, the two balls supposed above foe 
instance, impinge, some portion of their previous kinetic energy will 
always remain in them as vibrations. A portion of the loss of energy 
(miscalled the effect of imperfect elasticity alone) is necessarily dud 
to this cause in every real case. 

Later, in our chapter on the Properties of Matter, it wiB'be shown 
as a result of experiment, that forces of elasticity are, to a very close 
degree of accuracy, simply proportional to the strains (§ 135), within 
the limits of elasticity, in elastic solids which, like metiJs, glass, etc^ 
bear but small deformations without permanent change. ' Hence when 
two such bodies come into collision, sometimes with greater and 
sometimes with less mutual velocity, but with all other circumstances 
similar, the velocities of all particles of either body, at corresponding 
times of the impacts, will be always in the same proportion. Hence 
the velocity of separation of the centres of inertia after impact will 
bear a constant proportion to the previous velocity of approach; 
which agrees with the Newtonian law. It is therefore probable that 
a very sensible portion, if not the whole, of the loss of energy in the 
visible motions of two elastic bodies, after impact, experimented on 
by Newton, may have been due to vibrations; but unless some other 
cause also was largely operative, it is difficult to see how the loss was 
so much greater with iron balls than with glass. 

288. In certain definite extreme cases, imaginable although not 
realizable, no energy will be spent in vibrations, and the two bodies 
will separate, each moving simply as a rigid body, and having in thh 
simple motion the whole energy of work done on it by elastic force 
during the coUision- For instance, let the two bodies be cylinders, 
or prismadc ban laith flat ends, of the same kmd of substance, and of 
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equal and similar ifansverse sections; and let this substance have the 
property of-coiiTpressibility with perfect elasticity, in the direction of 
the length of the bar, and of absolute resistance to change in every 
tr^sverse dimension. Before impact, let the two bodies be placed 
with their lengths in one line, and their transverse sections (if not 
circular) similarly situated, and let one or both be set in motion in 
this line. Then, if the lengths of the two be equal, they will separate 
after impact with the same relative velocity as that with which they 
approached, and neither will retain any vibratory motion after the 
end of the collision. The result, as regards the motions of the two 
bodies after the collision, will be sensibly the same if they are of any 
real ordinary elastic solid material, provided the greatest transverse 
diameter of each is very small in comparison of its length. 

269. If the two bars are of an unequal length, the shorter will, after 
the impact, be in exactly the same state as if it had struck another 
of its own length, and it therefore will move as a rigid body after the 
collision. But the other will, along with a motion of its centre of 
gravity, calculable from the principle that its whole momentum must 

^ 33 ) tie changed by an amount equal exactly to the momentum' 
gained or lost by the first, have also a vibratory motion, of which the. 
wdiole kinetic and potential energy will make up the deficiency of 
energy which we shall presently calculate in the motions of the centres 
of inertia. For simplicity, let the longer body be supposed to be at 
rest before the collision. Then the shorter on striking it will be left 
at rest; this being clearly the result in the case of the (?=i in the 
jireceding formulae (§ 265 ) applied to the impact of one body striking 
another of equal mass previously at rest. The longer bar will move 
away with the same momentum, and therefore with less velocity of its 
centre of inertia, and less kinetic energy of this motion, than the other 
body had before impact, in the ratio of the smaller to the greater 
mass. It will also havS a very remarkable-vibratory motion, which, 
when its length is more than double of that of the other, will consist 
of a wave running backwards and forwards through its length, and 
causing the motion of its ends, and, in fact, of every particle of it, to 
take place by ‘fits and starts,’ not continuously. The full analysis of 
these circumstances, though very simple, must be reserved^ until we 
are especially occupied, with waves, and the Jdnetics of elastic solids. 
It is suflicient at present to remark, that the motions of the centres of 
inertia of the two bodies after impact, whatever they may have been 
jireviously, are given by the preceding formulae with for e the value 

, where M and M' are the smaller and larger mass respectively. 

270. The mathematical theory of the vibrations of solid elastic 
spheres has not yet been' worked out ; and its application to the case 
of the vibrations produced by impact presents considerable difficulty. 
Experiment, however, renders it certain, that but a small part of the 
whole kinetic energy of the previous motions can remain in the forth 
of vibrations after the impact of two equal spheres of glass or of 
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ivory. This is proved, for instance, by the common observation, that 
one of them remains nearly motionless after striking the other pre- 
viously at rest; since, the velocity of the common centre of inertia of 
the two being necessarily unchanged by the impact, we infer that the 
second ball acquires a velocity nearly equal to that which the first had 
before striking it. But it is to be expected that unequal balls of the 
same substance coming into collision will, by impact, convert a very 
sensible proportion of the kinetic energy of their previous motions 
into energy of vibrations; and generally, that the same will be the 
case when equal or unequal masses of different substances come into 
collision ; although for one particular poportion of their diameters, 
depending on their densities and elastic qualities, this effect will be 
a minimum, and possibly not much more sensible than it is when the 
substances are the same and the diameters equal. 

271 . It need scarcely be said that in such cases of impact as that 
of the tongue of a bell, or of a clock-hammer striking its bell (or 
spiral spring as in the American clocks), or of pianoforte-hammers 
striking the strings, or of the drum struck with the proper implement, 
a large part of the kinetic energy of the blow is spent in generating 
vibrations. 

272 . The Moment of an Impact about any axis is derived from the 
line and amount of the impact in the same way as the moment of 
a velocity or force is determined from the line and amount of the 
velocity or force, § 46. If a body is struck, the change of its 
moment of momentum about any axis is equal to the moment of the 
impact round that axis. But, without considering the measure of the 
impact, we see (§ 233) that the moment of momentum round any axis, 
lost by one body in striking another, is, as in every case of mutual 
action, equal to that gained by the other. 

Thus, to recur to the ballistic pendulum — the line of motion of the 
bullet at impact may be in any.direction whatever, but the only part 
which is effective is the component in a plane perpendicular to the 
axis. We may thtlrcfore, for simplicity, consider the motion to be in 
a line perpendicular to the axis, though not necessarily horizontal. 
Let in be the mass of the bullet, v its velocity, and p the distance of 
its line of motion from the axis. Let Af be the mass of the pendulum 
with the bullet lodged in it, and k its radius of gyration. ^ Then if w 
be the angular velocity of the pendulum when the impact is complete, 

mvp aa Mtt'‘ui, 

from which the solution of the question is easily determined. 

For the kinetic energy after impact is changed (§ 207) into its 
equivalent in potential energy when the pendulum reaches its position 
of greatest cleflection. Let this be given by the angle 0 ; then the 
height to which the centre of inertia is raised is (x - cos t) if h be its 
distance from the axis. Thus 

Mgh (i - cos 
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Cor. If a set of material points are struck independehtly by 
impulses each given in amount, more kinetic energy is generated if 
the points are perfectly free to move each independently of all the 
others, than if they arc connected in any way. And the deficiency 
of energy in .the latter case is equal to the amount of the kinetic 
energy of the motion which geometrically compounded with the 
motion of cither case would give that of the other. 

.278. Given any material system at rest. Let any parts of it be 
set in motion suddenly with any specified velocities, possible accord- 
ing to the conditions of the system ; and let its other parts be 
influenced only by its connexions with those.:, . It is required to 
find the motion. The solution of the problem is — The motion 
actually taken by the system is that which has less kinetic energy than 
any other motion fulfilling the prescribed velocity conditions. And 
the c.xccss of the energy of any other such motion, above that of the 
actual motion, is equal to the energy of the motion that would be 
generated by the action alone of the impulse which, if compounded 
with the impulse producing the actual motion, would produce this 
other supposed motion.] 

279. Maupertuis’ celebrated principle of Least Action has been, 
even up to the present time, regarded rather as a curious and some- 
what perplexing property of motion, than as a useful guide in kinetic 
investigations. We are strongly impressed with the conviction that 
a much more profound iraiKiriance will be attached to it, not only 
in abstract dynamics, but in the theory of the several brandies of 
physical, science now beginning to receive, dynamic explanations. 
As an extension of it, Sir W. R. Hamilton' has evolved Ins method 
of Varying Action, which undoubtedly must become a most valuable 
aid in future generalizations. 

What is meant by ‘ Action' in these expressions is, unfortunately, 
something very difTercnt from the Actio Agentis defined by Newton, 
and, it must ,be adnuticcl, is a much less judiciously chosen word. 
Taking it, however, as wc find it now universally used by writers on 
dynamics, we define the Action of a Moving System as proportional 
to the average kinetic energy, which it has possos.sed during the time 
from any convenient epoch of reckoning, multiplied by the time. 
According to the unit generally adopted, the action of a system 
which has not varied in its kinetic energy, is twice the amount of the 
energy multiplied by the time from the epoch. Or if the energy has 
been sometimes greater and sometimes less, the action at time t 
is the double of what wc may call the time-integral of the energy; 
that is to say, the action of a system is equal to the sum of the 
ax'erage momenta for the spaces described by the particles from any 
era each niultiiihed by the hmgth of us path. 

280. The principle of Least Action is this . — Of all the different 
sets of paths along which a conservative system may be guided to 
move from ope configuration to another, with the sura of us potential 

* Phil, Trans,, X834— 1835. 
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aiul kinetic energies equal to a given constant, that one for which the 
ai tion is the least is such that the system will require only to be 
start etl with the proper velocities, to move along it unguided. 

281. [In any unguided motion whatever, of a conservative system, 
the Actiem from any one stated position to any other, though not 
ruH't'ssarily a minimum, fulfils the statiojiary condition, that is to say, 
the contlition that the variation vanishes, which secures either a 
minimum or maximum, or maximum-minimum.] 


282. From this principle of stationary action, founded, as we have 
seen, on a comparison between a natural motion, and any other 
mution, arbitrarily guided and subject only to the law of energy, the 
initial ami final configurations of the system being the sarne in each 
case; Hamilton passes to the consideration of the variation of the 
at'tion in a natural or unguided motion of the system produced by 
varying the initial and final configurations, and the sum of the 
potential and kinetic energies. The result is, that — 


283. I'hc rate of decrease of the action per unit of increase of 
any one of the free (generalized) co-ordinates specifying the 
itiitiftl configuration, is equal to the corresponding (generalized) com- 
ponent momentum of the actual motion from that configuration, 
the rate of increase of the action per unit increase of any one 
of the free co-ordinates specifying the final configuration, is equal 
to the corresponding component momentum of the actual motion 
towards this second configuration: and the rate of increase of the 
anion per unit increase of the constant sum of the potential and 
kiiK'tic energies, is eciual to the time occupied by the motion of 
wlm h llte action is reckoned. 

284. The determination of the motion of any conse^ative system 
(rum one to another of any two configurations, when the sum of its 
outential and kinetic energies is given, depends on the determination 
l>f a single function of the co-ordinates specifying those confipra- 
liuns bylneans of two quadratic, partial differential equatips of the 
lir- 1 order with reference to those two sets of co-ordinates respe- 
tively with the condition that the corresponding terms of 
dulcreniial eciuations become separately equal 
the two sel.s A^kineuc'' problem was 

Jgn if their co-ordinates are interchanged. 

'rh.v ueneral possible solution of the quadrpe, partial, 
«,Son“'-o”fThe'’tet order, earisfied by Harr-dron-s Cha- 
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racteristic Function (either tem>Inal configuration alone varying), 
when interpreted for the case of a single free particle, expresses the 
action up to any point from some point of a certain arbitrarily 
given surface, from which the particle has been projected, in the 
direction of the normal, and with the proper velocity to make the 
sum of the {lotential and actual energies have a given value. In other 
words, the physical problem solved by the most general solution of 
that partial dilTerential equation, for a single free particle, is this ; — 
Let free particles, not mutually influencing one another, be pro- 
jected normally from all points of a certain arbitrarily given surface, 
each with the proper velocity to make the sum of its potential and 
kinetic energies have a given value. To find, for that one of the 
particles which passes through a given point, the ‘action' in its course 
from the surface of projection to this point. The Hamiltonian 
principles stated above, show that the surfaces of equal action cut 
the paths of the particles at right angles; and give also the 
following remarkable properties of the motion: — 

If, from all points of an arbitrary surface, particles not mutually 
influencing one another be projected with the proiier velocities in 
the directions of the normals; points which they reach with eiiual 
actions lie on a surface cutting the paths at right angles. The 
infinitely small thickness of the space between any two such surfaces 
corresponding to amounts of action differing' by any infinitely small 
quantity, js inversely proportional to the velocity of the particle 
traversing it ; being equal to the infinitely small difference of action 
divided by the whole momentum of the particle. 


286 . Irrespectively of methods for finding the ‘characteristic 
function’ in kinetic problems, the fact that any case of motion what- 
ever can be represented by means of a single function in the manner 
explained in § 284, is most remarkable, and, when geometrically 
interpreted, leads to highly imjiortant and interesting properties of 
motion, wliich have valuable applications in various branches of 
Natural Philosophy ; one of wlnc:h, explained below, led Hamilton * 
to a general theory of optical instruments, comprehending the whole 
in one expression. Some of the most direct applications of the 
general principle to the motions of planets, comets, etc., considered 
as free point.s, and to the celebrated qiroblem of perturbations, known 
as the Problem of Three Iloilies, are worked out in considerable detail 


by Hamilton (PM. lyam., 1834-5), and in various memoirs by 
Jacobi, Liouville, Hour, Donkin,. Cayley, Boole, etc 
The now abandonetl, but still interesting, corpuscular theory of 
light furnishes the most convenient language for expressing the 
optical application. In this theory light is supposed to consist of 
rnateri.'il particles not mutually influencing one another ; but subject 
to molecular forces from the particles of bodies, not sensible at 
sensible distances, and therefore not causing ariy deviation from 
unifom rectilinear motion in a homogeneous within 

* On thi Thmy 0/ Systems of Rays. 1830 ,^ 831 -. 
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an indefinitely small distance from its boundary. Thfe laws of reflec- 
tion and of single refraction follow correctly from this hypothesis, 
which therefore suffices for what is called geometrical optics. 

We hope to return to this subject, with sufficient detail, in treating 
of Optics. At present we limit ourselves to state a theorem com> 
prehending the known rule for measuring the magnifying power of 
■a telescope or microscope (by comparing the diameter of the objectr 
glass with the diameter of pencil of parallel rays emerging from the 
eye-piece, when a point of light is placed at a great distance m front 
of the object-glass), as a particular case. 

287. Let any number of attracting or repelling masses, or perfectly 
smooth elastic objects, be fixed in space. Let two stations, (7 and 0\ 
be chosen. Let a shot be fired with a stated velocity, V, from 
in such a direction as to pass through O’. There may clearly be 
more than one natural path by which this may be done; but, generally 
speaking, when one such path is chosen, no other, not sensibly di- 
verging from it, can be found; and any infinitely small deviation in 
the hne of fire from O, will cause the bullet to pass infinitely near to, 
but not through O Now let a circle, with infinitely small radius r, 
be described round 0 as centre, in a plane perpendicular to the line 
of fire from this point, and let — all with infinitely nearly the same 
velocity, but fulfilling the condition that the sum of the potential and 
kinetic energies is the same as that of the shot from 0 — bullets be 
fired from all pomts of this circle, all directed infinitely nearly parallel 
to the line of fire from 0, but each precisely so as to pass through O. 
Let a target be held at an infimtely small distance, < 2 ', beyond C?', 
in a plane perpendicular to the line of the shot reaching it from O. 
The bullets fired from the circumference of. the circle round O, will, 
after passing through (7', stake this target in the circumference of an 
exceedingly small ellipse, each with a velocity (corresponding of 
course to its position, under the law of energy) differing infinitely 
little from V, the common Velocity with which they pass through (7 
Let now a circle, equal to' the former, be described round 0\ in the 
plane perpendicular to the central path through O, and let bullets be 
fired from points in its circumference, each with the proper velocity, 
and in such a direction infinitely nearly parallel to the central path 
as to make it pass through O. These bullets, if a target is held to 

F 

receive them perpendicularly at a distance a=a’ beyond O, will 

strike it along the circumference of an ellipse equal to the former 
and placed in a corresponding position; and the points struck by the 
individual bullets will correspond in the manner explained below. 
Let P and P’ be points of the first and second circles, and Q and 
the points on the first and second targets which bullets from them 
strike ; then if jP be in a plane containing the central path through 
(7, and the position which Q would take if its ellipse were made 
circular by a pure strain <§ 159 ) j Q and ate similarly situated on 
the two ellipses. 
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288. The most obvious optical application of this remarkable 
result is, that in the usejDf any optical apparatus whatever, if the eye 
and the object be interchanged without altenng the position of the 
instrument, the magnifying power is unaltered. This is easily under- 
stood when, as in an ordinary telescope, microscope, or opera-glass 
((Jalilean telescope), the instrument is symmetrical about an axis, and 
is curiously contradictory of the common idea that a telescope ‘dimi- 
nishes’ when looked through the wrong way, which no doubt is true 
if the telescope is simply reversed about the middle of its length, eye 
and object remaining fixed. But if the telescope be removed from the 
eye till its eye-piece is close to the object, the part of the object seen 
will be seen enlarged to the same extent as when viewed with the 
telescope held in the usual manner. This is easily verified by looking 
from a distance of a few yards, in through the object-glass of an 
opera-glass, at the eye -of another person holding it to his eye in 
the usual way. 

The more general application may be illustrated thus: — Let the 
points, O, O' (the centres of the two circles described in the preceding 
enunciation), be the optic centres of the eyes of two persons looking 
at one another through any set of lenses, prisms, or transparent 
media arranged in any way between them. If their pupils are of 
equal sizes in igality, they will be seen as similar ellipses of equal 
apparent dimensions by the two observers. Here the imagined 
particles of light, projected from the circumference of the pupil of 
either eye, are substituted for the projectiles from the circumference 
of either circle, and the retina of the other eye takes the gj^e^of the 
target receiving them, in the general kinetic statement. 

289. If instead of one free particle we have a conservative system 
of any number of mutually influencing free particles, the same state- 
ment may be apphed with reference to the initial position of one of 
the particles and the final position of another, or with reference to the 
initial positions, or to the final positions, of two of the particles. It , 
thus serves to show how the influence of an infinitely small change in , 
one of those positions, on the direction of the other particle passing ■ 
through the other position, is related to the influence on the direction ; 
of the former particle passing through the former position produced ^ 
by an infinitely small change in the latter position, and is of immense' 
use in physical astronomy. A corresponding statement, m terms of 
generalized co-ordinates, may of course be adapted' to a system of 

' rigid bodies or particles connected in any way. All such statements 
are included in the following very general proposition: — 

The rate of increase of the component momentum relative to 
any one of the co-ordinates, per unit of increase of any other co- 
ordinate, is equal to the rate of increase of the component momentum 
relative to the latter per unit increase or diminution of the, former 
co-ordinate, according as the two co-ordinates chosen belong to one 
configuration of the system, or one of them bdqngs to the initial 
configuration and the other to the finaL^ 
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290. If a conservative system is infinitely little displaced from ; 
configuration of stable equilibrium, it will ever after vibrate about thi 
configuration, remaining infinitely near it; each particle of the systen 
performing a motion which is composed of simple harmonic vibra 
tions. If there are i degrees of freedom to move, and we conside 
any system of generalized co-ordinates specifying its position a 
any time, the deviation of any one of these co-ordinates from it 
value for the configuration of equilibrium will vary according to ; 
complex harmonic function (§ 88), composed in general of i simph 
harmonics of incommensurable periods, and therefore (§ 85) the whol( 
motion of the system will not recur periodically through the sam( 
series of configurations. There are in general, however, i distinc 
determinate displacements, which ye shall call the normal displace 
ments^ fulfilling the condition, that if any one of them be producec 
alone, and the ^stem then left to itself for an instant at rest, thii 
displacement will diminish and increase periodically according tc 
a simple harmonic function of the time, and consequently evei^ 
particle of the system will execute a simple harmonic movement ii 
the same period. This result, we shall see later, includes cases ir 
which there are ».n infinite number of degrees of freedom ; as, foi 
instance, a stretched cord; a mass of air in a closed vessel; wave; 
in water, or oscillations of water m a vessel of limited extent, or ar 
elastic solid; and in these applications it gives the theory of the 
so-called ‘fundamental vibration,' and successive ‘harmonics’ of the 
cord, and of all the different possible simple modes of vibration ir 
the other cases. In all these cases it is convenient to give the name 
‘fundamental mode’ to any one of the possible simple harmome 
vibrations, and not to restrict it to the gravest simple harmonic mode 
as has been hitherto usual in respect to v;bratmg cords and organ 
pipes. 

The whole kinetic energy of any complex motion of the system i; 
equal to the sura of the kinetic energies of the fundamental constitu 
ents ; and the potential energy of any displacements is equal to the sun 
of the potential energies of its normal components. Corresponding 
theorems of normal constituents and fundamental modes of motion 
and the summation of their kinetic and potential energies in complex 
motions and displacements, hold for motion in the neighbourhood q 
a configuration of unstable equilibrium. In this case, some or all o 
the constituent motions are fallings away from the position of equi 
librium (according as the potential energies of the constituent norma 
vibrations are negative). 

291- If, as may be m particular cases, the periods of the vibration; 
for two or more of the normal displacements are equal, any displace 
ment compounded of them “will also fulfil the condition of a norma 
displacement. And if the system be displaced according to any oni 
such normal displacement, and projected with velocity corresponding 
to another, it will execute a movement, the resultant of two simpU 
harmonic movements m equal periods. The graphic representatior 
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of the variation of the corresponding co-ordinates of the system, laid 
down as two rectangular co-ordinates in a plane diagram, will con- 
sequently (§ 82) be a circle or an ellipse; which will therefore, of 
course, be the form of the orbit of any particle of the system which 
has a distinct direction of motion, for two of the displacements in 
question. But it must be remembered that some of the principal 
parts may have only one degree of freedom ; or even that each part 
of the system may have only one degree of freedom (as, for instance, 
if the system is composed of a set of particles each constrained to 
remain on a given line, or of rigid bodies on fixed axes, mutually 
inllucncing one anotlicr by elastic cords or otherwise). In such a 
case as the last, no particle of the system can move otherwise than 
in one line, and the ellipse, circle, or other graphical representation 
of the composition of the harmonic motions of the system, is merely 
an aid to comprehension, and not a representation of any motion 
actually taking place in any part of the system. 

292. In nature, as has been said above (§ 250^ every system 
uninlluenccd by matter external to it is conservative, when the 
ultimate molecular motions constituting heat, light, and magnetism, 
and the iiotenluil energy of chemical allinities, are taken into account 
along with the palpable motions and measurable forces. But (§ 247) 
practically we are obliged to admit forces of friction, and resistances 
of the other classes there enumerated, as causing losses of energy to 
be reckoned, in abstract dynamic.s, without regard to the etjuivalents 
of heat or other molecular actions wliich they generate. Hence when 
such resistances are to be taken into account, forces oiiiioscd to the 
motions of various parts of a system must be introduced into the' 
C(iuations, According to the approximate knowledge which we have 
from experiment, these forces arc indcjicndent of the vfclociiics when 
due to the friction of solids; and are simjily proiiortional to the 
velocities when due lo Iluid viscosity directly, or to electric or magnetic 
inlluenccs, with corrections depeiuling on varying temperature, and 
on the varying configuration ol' the system. In consequence of the 
last-mentioned cause, the resistance of a rml liquid (which is always 
more or less viscous) against a body moving very rapidly through it, 
and leaving a great deal of irregular motion, such as ‘eddies,’ in its 
wake, .seems to he nearly in proportion to the scjuare of the velocity ;> 
although, as Stoke.s has .shown, at the lowest .sjiecd.s the resistance 
is probalily in simple proportion to the velocity, and for all speeds 
may, it is probable, be aiiproxiraately exiirbssed as the sum of two 
terms, one simply as the velocity, and the otlier as the square of the 
velocity If a solid is started from rest in an incompressible fluid, 
the initial law of resistance is no doubt simple proportionality to the 
velocity, (however great, if suddenly enough given;) until by the 
gradual growili of eddies the resistance is increased gradually till it 
comes to fulfil Stokes’s law. 

293. The effect of friction of .solids rubbing one against another 
is simply to render impossible the infinitdy small vibrations with which 



we are novf particularly concerned ; and to allow'any system fn wtiich 
it is present, to rest balanced when displaced within certain finite 
limits, from a configuration of frictionless equilibrium. In mechanics 
it is easy to estimate its effects with sufficient accuracy when any 
practical case of finite oscillations is in question. But the other 
classes of dissipative agencies give rise to resistances simply as the 
velocities, without the corrections referred to, when the motions are 
infinitely small, and can never balance the system in a configuration 
deviating to any extent, however small, from a configuration of 
equilibrium without friction. In the theory of infinitely small vibra- 
tions, they are to be taken into account by adding to the expressions 
for the generalized components of force, terms consisting of, the 
generalized velocities each multiplied by a constant, which gives us 
equations still remarkably amenable to rigorous mathematical treat- 
ment. The result of the integration for the case of a single degree 
of freedom is very simple; and it is of extreme importance, both for 
the explanation of many natural phenomena, and for use in a large 
variety of experimental investigations in Natural Philosophy. Partial 
conclusions frona it, in the first place, stated in gener^ terms, are 
as follows: — 


294. If the resistance per unit velocity is less than a certain limit, 
in any particular case, the motion is a simple harmonic oscillation, 
with amplitude decreasing by equal proportions in equal successive 
intervals of time. But if the resistance exceeds this limit, the system, 
when displaced from its position of equilibrium and left to itselfi 
returns gradually towards its position of equilibrium, never oscillating 
.through it to the. other side, and only reaching it after an infinite 
ilime. 

In the unresisted motion, let n* be the rate of acceleration, when 

^ - '' 27r 

the displacement is unity; so that (§ 74 ) we have T = — : and let the 

> i. /. n 

rate of retardation due to the resistance corresponding to unit velocity 
be k. Then the motion is of the oscillatory or non-oscillatory class 
according as < (*«)* or In the first case, the penod of 

the oscillation is increased, by the resistance, from T\.oT ^ 

and the rate at which the Napierian logarithm of the amplitude 
diminishes per unit of time is ^k. 


295. An indirect but very simple proof of this important propo- 
sition may be obtained by means of elementary mathematics ^ 
follows • — A point describes a logarithmic spiral with uniform angulqr 
velocity about the pole — find the acceleration. 

Since the angular velocity of SP and the inclination of this line 
to the tangent are each constant, the linear velocity of P is as SP. 
Take a length PT^ equal to n SP^ to represent it. Then the 
hodograph, the locus of p, where Sp is parallel and equal to PT, is 
evidently another logarithmic spiral similar to the former, and de- 
scribed with the same uniform angular velocity. Hence (§§ 35 , 49 ) 
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N, the'accclcration required, is equal to n S^, and makei, with Sp an 
, angle Sp^ equal to •SPP ,Hcnce, if Pu be drawn parallel and equal 



^to pi, and uv parallel to the whole acceleration pi or Pn may be 
resolved into Pv and vu. • Now Pvu is an isosceles tnangle, whose 
base angles {v, u) are each equal to the constant angle of the spiral. 
Hence Pv and vu bear constant ratios to Pu, and therefore to SP 
and PT respectively. 

'I'he acceleration, therefore, is composed of a central attractive 
part proportional to the distance, and a tangential retarding part 
proportional to the velocity. 

And, if the resolved part of /"s motion parallel to any line in the 
plane of the spiral be considered, it is obvious that in it also the 
acceleration will consist of two parts— one directed towards a point 
in the line (the projection of the pole of the spiral), and proportional 
to the distance from it ; the other proportional to the velocity, but 
1 retarding the motion. 

Henc^e a particle which, unresisted, would have a simple harmonic 
motion, has, when subject to resistance proportional to its velocity, 
a motion represented by the resolved part of the spiral motion just 
dc.se ri bed. 

29G. If a be the constant angle of the spiral, w the angular velocity- 
of SP, we have evidently 

PT, sin a « SP. w, . But PT = nSP, so that n * -i ^ — . 

sin a 

Hence Pv « Pu mp/ m nSp * nPT <» rP . SP^ 

and vu^ aPy .'cos ae* aw cos uPT^k . PT (suppose). 

iThus the central force at unit distance is and the co- 

™ . - . . , awcosa 

efficient of resistance as >e = a« cos a •» r— — . 

' sin a 

The time of oscillation in the re.soIved motion is evidently — ; but, 

0 ) 

!f there had been no resistance, the properties of simple harmonic 
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motion show that it would have been — ; so that it is increased 


the resistance in the ratio cosec a to i, or to 


V'-i 


The rate of diminution of evidently 

k 

FT. cos a-n cos a SF= - SPi 
2 . 

that is, SP diminishes in geometrical progression as time increases. 
k 

the rate being - per unit of time per unit of length. By an ordinar3 


result of arithmetic (compound interest payable every instant) the 

k 

diminution of log . SP in unit of time is - . 

This process of solution is only applicable to resisted harmonic 
vibrations when ti is greater than When n is not greater than ; 


the auxiliary curve can no longer be a logarithmic spiral, for the 
moving particle never describes more than a finite angle about the 
pole. A curve, derived from an equilateral hyperbola, by a process 
somewhat resembling that by which the logarithmic spiral is deduced 
from a circle, may be introduced j but then the geometrical method 
ceases to be simpler than the anal)^ical one, so that it is useless tc 
pursue the investigation farther, at least from this point of view. 


297. The general solution of the problem, to find the motion o: 
a system having any number, i, of degrees of freedom, when infinitel} 
little disturbed from a position of equilibrium, and left to move subjeci 
to resistances proportional to velocities, shows that the whole motioii 
may be resolved, in. general determinately, into -af different motioru 
each either simple harmonic with amplitude diminishing according tc 
the law stated above (§ 294), or non-oscillatory, and consisting p 
equi-proportionate diminutions of the components of displacement 
in equal 'successive intervals of time. 


298. When the forces of a system depending on configuration 
and not on motion, or, as we may call them for brevity, the forces 
of position, violate the law of conservatism, we have seen (§ 244 ^ 
that energy without limit may be drawn from it by guiding it per 
^)etually through a returning cycle of configurations, and we have 
inferred that in every real^ system, not supplied^ with energy fron 
without, the forces of position fulfil the conservative law. But it is 
easy to arrange a system artificially, in connexion with a source o 
energy, so that its forces of position shall be non-conservative; and 
the consideration of the kinetic effects of such an arrangement 
especially of its oscillations about or motions round a configuratior 
of equilibrium, is most instructive, by the contrasts which it presents 
to the phenomena of a natural system. 

299. But although, when the equilibriuin is stable, no possibk 
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infinitely small displacement and velocity given to the system can 
cause it, when left to itself, to go on moving either farther and farther 
away till a finite displacement is feached, or till a finite velocity is 
acciuired; it is very remarkable that stability should be possible, 
considering that even in the case of stability an endless increase of 
velocity may, as is easily seen from § 244, be obtained merely by- 
constraining the system to a particular closed course, or circuit of 
configurations, nowhere deviating by more than an infinitely small 
amount from the configuration of equilibrium, and leaving it at 
rest anywhere in a certain part of this circuit This result, and 
the distinct peculiarities of the -cases of stability and instability, are 
sufficiently illustrated by the simplest possible example, — drat of a 
material particle moving in a plane. 

300. There is scarcely any question in dynamics more important 
for Natural Philosophy than the stability or instability.of motion. We 
therefore, before concluding this chapter, propose to give some 
general explanations and leading principles regarding it, 

A ‘conservative disturbance of motion’ is a disturbance in the 
motion or configuration of a conservative system, not altering the 
sum of the potential and kinetic energies. A conservative disturb- 
ance of the motion through any particular Configuration is a change 
in velocities, or component velocities, not altering the whole kinetic 
energy. Thus, for example, a conservative disturbance of the motion 
of a particle through any point, is a change in the direction of its 
motion, 'unaccompanied by change of speed 

301. The actual motion of a system, from any particular con- 
figuration, is said to be stable if every possible infinitely small con- 
servative disturbance of its motion through that configuration may 
be compounded of conservative disturbances, any one of which would 
give rise to an alteration of motion which would bring the system 
again to some configuration belonging to the undisturbed path, in 
a finite time, and without more than an infinitely small digression. 
If this condition is not fulfilled, the motion is said to be unstable, 

302. For example, if a body, A, be supported on a fixed vertical 
axis ; if a second, be supported on a parallel axis belonging to 
the first a third, C, similarly supported on JS, and so on'; and if 
By C, etc, be so placed as to have each its centre of inertia’as far as 
possible from the fixed axis, and thfc whole set in motion with 
a’ common angular velocity about this axis, the motion will be 
thoroughly stable. If, for ihstance, each of the bodies is a flat 
rectangular board hinged on one edge, it is obvious that the *whole 
system will be kept stable by centrifugal force, wh6n all are in one 
plane and as far out from the axis as possible. But if A consists 
partly of a shaft and crank, as a common spinning-wheel, or the fly- 
whed and crank of a steam-en^ne, and if B be supported on the 
crank-pin as axis, and turned inwards (towards the fixed axis, or 
across the fiixed axis), then, even although the centres of inertia of Q 
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etc., are placed as far from the fixed axis as possible, consistent 
with this position of By the motion of the system will be unstable. . 

303. The rectilinear motion of an elcfngated body lengthwise, or 
of a flat disc edgewise, through a fluid is unstable. • But the motion of 
either body, with its length or its broadside perpendicular to the 
direction of motion, is stable. Observation proves the assertion we 
havejust made, for real fluids, air and water, and for a great variety 
of circumstances affecting the motion; and we shall return to the 
subject later, as being not only of great practical -importance, but 
profoundly interesting, and by no means difficult in theory. 

304:. _ The motion of a single particle affords simpler and not less 
i instructive illustrations of stability and instability. Thus if a weight, 
hung from a fixed point by a light inextensible cord, be set in motion 
'so as to describe a circle about a vertical line through its position of 
equilibrium, its motion is stable. For, as we shall see later, if dis- 
turbed infinitely little in direction’ without gain or loss of energy, it 
will describe a sinuous path, cutting the undisturbed circle at points 
successively distant from one another by definite fractions of the 
circumference, depending upon the angle of inclination of the string 
to the vertical. When this angle is very small, the motion is sensibly 
the same as that of a particle confined to one plane moving undei 
the influence of an attractive force towards a fixed point, simply pro- 
portional to the distance; and the disturbed path cuts the undisturbed 
.•circle four times in a revolution. Or if a particle confined to one 
plane, move under the influence of a centre in this plane, attracting 
with a force inversely as the square of the distance, a path infinitely 
i little disturbed from a circle will cut the circle twice in a revolution. 
I Or if the law of central force be the ?nh power of the distance, and il 
/ » + 3 be positive, the disturbed path will cut the undisturbed circular 

' * • TT 

. orbit at successive angular intervals, each equal to - But the 

Jfi+s 

motion will be unstable if n be negative, and - « > 3. 

305. The case of a particle moving on a smooth fixed surface 
under the influence of no other force than that of the constraint, and 
therefore always moving along a geodetic line of the surface, affords 
extremely simple illustrations of stability and instability. For instance, 
a particle placed on the inner circle of the surface of an anchor-ring, 
and projected in the plane of the ring, would rnove perpetually in that 
circle, but unstably, as the smallest disturbance would clearly send it 
away from this path, never to return until after a digression round the 
outer edge. (We suppose of course that the particle is held to the 
surface, as if it were placed in the infinitely narrow space between a 
solid ring and a hollow one enclosing it.) But if a particle is placed 
Oh the outermost, or greatest, circle of the ring, and projected in its 
plane,!.an infinitely small disturbance will cause it to describe a sinuous 
path cutting the dr.cle at points round it successively distant by qnglei 
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each equal to tt > and therefore at intervals of time, each equal to 

Tt* / ^ 

- / where a denotes the radius of that circle, u the angular velocit}* 

in it, and b the radius of the circular cross section of the ring. This 
is proved by remarking that an infinitely narrowband from the outer- 
most part of the ring has, at each point, a and b from its principal 
radii of curvature, and therefore (§J34) has for its geodetic lines the 
great circles of a sphere of radius Jab, upon which it may be bent. 


306. In all these cases the undisturbed motion has been circular 
or rectilineal, and, when the motion has been stable, the effect of a 
disturbance has been periodic, or recurring with the same phases in 
equal successive intervals of time. An illustration of thoroughly stable 
motion in which the effect of a disturbance is not ‘periodic,’ is pre- 
sented by a particle sliding down an inclined groove under the action 
of gravity. To take the simplest case, we may consider a particle 
sliding down along the lowest straight line of an inclined hollow 
cylinder. If slightly disturbed from this straight line, it_ will oscillate 
on each side of it perpetually in its descent, but not with a uniform 
periodic motion, though the durations of its excursions to each side of 
the straight line are all equal. 


807. A very curious case of stable motion is presented by a particle 
constrained to remain on the surface of an anchor-ring fixed in a 
vertical plane, and projected along the great circle from any point of 
it, with any velocity. An infinitely small disturbance will give rise to 
a disturbed motion of which the path will cut the vertical circle over 
and over again for ever, at unequal intervals of time, and unequal 
angles of the circle ; and obviously not recurring periodically in any 
cycle, except with definite particular values for the whole energy, some 
of which are less and an infinite number are greater than that which 
just suffices to bring the particle to the highest point of the ring. The 
full m.athcmatical investigation of these circumstances would afford an 
•excellent exercise in the theory of differential equations, but it is not 
necessary for otfr present illustrations. 

308. In this case, as in all of stable motion with only two degrees 
of freedom, which we have just considered, there has been stability 
throughout the motion ; and an infinitely smaU disturbance from any 
point of the motion has given a disturbed path which intersects the 
undisturbed path over and over again at firtite inteirvals of time. 
But, for the sake of simplicity, at present confining our attention to 
two degrees of freedom, we have a limited stability in the motion of an 
unresisted projectile, which satisfies die criterion of stability only at 
points of its upward, not of i^s downward, path. Thus if MOPQ^ be 
the path of a projectile, and if at 0 it be disturbed by an infinitely 
small force eitlier way perpendicular to its instantaneous direction of 
motion, the disturbed path will cut the undisturbed infinitely near 
4he point P where the direction of motion, is perpendicular to that at £? j 
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as we easily see by considering that the line joining two particles pro* 
jected from one point at the same instant with equal velocities in the. 



309 . The principle of varying action gives a mathematical criterion 
for stability or instability in every case of motion. Thus in the first 
place it is obvious (§§ 308, 311), that if the action is a true minimum 
m the motion of a system from any one configuration to the con- 
figuration reached at any other time, however much later, the motion 
is thoroughly unstable. For instance, in the motion of a particle con- 
strained to remain on a smooth fixed surface, and uninfluenced by 
gravity, the action is simply the length of the path, multiplied by the 
constant velocity. Hence in the particular case of a particle unin- 
fluenced by gravity, moving round the inner circle in the plane of an 
anchor-ring considered above, the action, or length of path, is clearly 
a minimum for any one point to the point reached at any subsequent 
time. (The action is not merely a minimum, but is the least possible, 
from any point of the circular path to any other, through less than half 
a circumference of the circle.) On the other hand, although the path 
from any point in the greatest circle of the ring to any other at a dis- 
tance from it along the circle, less than tt is clearly least possible 
if along the circumference j the path of absolutely least length is not 
along the circumference between two points at a greater circular 
distance than from one another, nor is the path along the 

circumference between them a minimum at all in this latter case. On 
any surface whatever which is everywhere anticlastic, or along a geo-' 
detic of any surface which passes altogether through an anticlastic 
region, the motion is thoroughly unstable. For if it were stable from 
any point (9, we should have the given undisturbed path, and the 
disturbed path from O cutting it at some point two diflerent 
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geo9et:c lines joining two points; which is impossible on any 
anticlastic surface, inasmuch as the sum of the exterior angles of 
any closed figure of geodetic lines’ exceeds four right angles when 
the integral curvature of the enclosed area is negative, which 
is tlie case for every portion of surface thoroughly anticlastic. 
But, on the other hand, it is easily proved that if we have an endless 
rigid band of curved surface everywhere synclastic, with a geodetic 
line running through its middle, the motion of a particle projected 
along this line will be stable throughout, and an infinitely slight disturb- 
ance will give' a disturbed path cutting the given undisturbed path again 
and again for ever at successive distances differing according to the 
different specific curvatures of the intermediate portions of the surface. ' 

310. If, from any one configuration, two courses differing infinitely 
.little from one another, have again a configuration in common, this 
second configuration will be called a kinetic focus relatively to the 
first; or (because of the reversibility of the motion) these two con- 
figurations will be called conjugate kinetic foci. .Optic foci, if for 
a moment we adopt the corpuscular theory of light, are included as 
a particular case of kinetic foci in general. But it is not difficult 
to prove that tliere must be finite intervals of space and time be- 
tween two conjugate foci in every motion of every kind of system, 
only provided the kinetic energy does not vanish. 

311. Now it is obvious that, provided only a .sufficiently short 
cQur.se is considered, the adiotii in any natural motion of a system, 
is less than for any other course between its tenninal configurations. 
It will bo proved presently (§ 314) that the first configuration up to 
which the action, reckoned from a given initial configuration, ceases 
to be a minimum, is the first kinetic focus; and conversely, that when 
the fir.st kinetic focus is passed, the action, reckoned from the initial 
configuration, cease.s to be a minimum ; and therefore of course can 
never again be a mininumi, bccaiusc a course of shorter action, 
deviating infiiiilely lilLle froin it, can be found for a part, without 
altering the remainder of the whole, natural cour.se. 

■312. In such statements as this it will frequently be convenient 
to indicate particular configurations of the .sy.stem by .single letters, 
as 0, J\ 0, A * ; and any particular cour.se, in which it moves through 
corUigumtions tluls indicated, will be called thecoiir.se 
The adhm in any natural course will be denoted .simiily by the 
tenninal lettor.s, taken in the order of the motion. Thus OA will 
denote the ac'.tiun from to A and therefore OA> ‘ — AO. When 
there arc more real natural courses from O to A than one, the 
analytical expression for OA will have more than one real value; 
and it may be neec.ssary to specify for which of these courses the 
action is reckoned. Thus we may have 

OA for O...A...A, 

OA (orO.,Ji'.,.A, 

OA iorO.. A, 

three different values of one algebraic irrational expression. 
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313. "In terms of this notation the preceding statement (§ 311 

may be expressed thus : — If, for a conservative system, moving 01 
a certain course the first kinetic focus conjugal 

to be O', the action OP, in this course, will be less than the actio: 
along any other course deviating infinitely little from it: but, on th 
other hand, OP' is greater than the actions in some courses fror 
O to P' .deviating infinitely little from the specified- natural cours 
O...P..:0'..,P', 

314. It must, not be supposed that the action along OP is necej 
sarily the least possible from O to P. TherS are, in fact, cases i: 
which the action ceases to be least of all possible, before a kineti 
focus is reached. Thus if OEAPO’E'A' be a sinuous geodetic lin 
cutting the outer circle of an anchor-ring, or the equator of an oblat 
'spheroid, in successive points 0,.A, it is easily seen that O', th 
first kinetic focus conjugate to O, must lie somewhat -beyond' 
But the length OEAP, although a minimum (a stable position fc 
a stretched string), is not the shortest distance on the surface fror 

to jP, as this must obviously be a line lying entirely on one sid 



P 

of the great circle. From O to any point, Q, short of A, the (fistani 
along the geodetic OEQA is clearly the least possible: but if ^ 1 
near enough to A (that is to say, between A and the point in whi( 
the envelop of the geodetics drawn from O, cuts- OEA), there w 
also be two other geodetics from O to The length of one 
these will be a minimum, and that of the other not a minimui 
If <2 is moved forward to A, the former becomes OE,A, equal ai 
similar to OEA, but on the other side of the great circle: and tl 
latter becomes the great circle from' O to A. ■ If now Q be movi 
on to P, beyond A, the minimum geodetic OEAP ceases to be t 
less of the two minima, and the geodetic OFP\yvcig altogether on t 
other side of the great circle becomes the least possible line frc 
O to P. But until P is advanced beyond the point O', in which 
is cut by another geodetic from O lying infinitely nearly along 
the length OEAP remains a minimum jaccording to the genei 
proposition of § 31 1. 


ter passing O, no two configurations on this course from O to O' 
in be kinetic foci to one another. For, the action from 0 just 
,.4sing to be a minimum when O' is reached, the action between any 
^'0 intermediate configurations of the same course is necessarily 
inimum.^ 

31G. When there are i degrees of freedom to move there^-afe in 
ineral, on any natural course from any particular condguratibi^ 0, ' 
: least /- i kinetic foci conjugate to O. Thus, for example, on the 
3urseof a ray of light emanating from a luminous point t?, and pass- 
ig through the centre of a convex lens held obliquely to its path, 
lore are two kinetic foci conjugate to O, as defined above, being the 
oints in which the line of the central ray is cut by the so-called 
deal lines’' of a pencil of rays diverging from O and made con- 
ergent after passing tlirough the lens. Hut* some or all of these 
inetic foci maybe on the conrsoPprevioiis to O; as, for instance, in 
le case of a common projectile when its course grasses obliquely 
ownwanls throui'li O. (,)r some or all may be lost, as when, 
i the optical illustration just relened to, the lens is pnly strong 
aoiiith to produce convergence in one of the princ.'ipal planes, <or 
ro weak to produce converfienc.e in either. Thus also in the 
ise of tltc undisturljod rectilineal motion of a point, or in the 
lotion of a point uiiinfluemanl by force, on an anliclastic surface 
j 3oi>), there are no real kinetic foci, In the motion of a pro- 
.•ctile (not confined to one vertical plane) there can he only one 
inetic: focus on each ‘patli, conjugate to one given point; though 
lerc are three dcgree.s of freedom. Again, there may be any number 
lore than i-x of foci in one course, all conjugate to one con- 
guralion, as for instance on the course of a iiarlicle, uninfluenced by 
iree, moving round the surface of an anchor-ring, along either the 
liter great circle', or along a sinuous I'eodelic sucli us we have con- 
(leretl in ■! 311, in whicli clearly tlicre are an infinite mimber of foci 
u'h cnnju|faie to any one point of the patli, at equal .successive dis- 
inces I'rtim one another. 

317, If « - r distinct® coiir.ses from a configuration 0, each differing 

ifinilely little from a certain mitural course O .. /C 0^ 

Ot cut it in conliguratiuns O^, O^, O.^,,. . O, ,, ancl if, liesides 
H'se, there are not on it any erther kinetic foci conjugate to O, 
eiween O and (>, and no focus at all, conjugate to Aq between 
and (^, the action in this natural course from 0 to Q is the 
laximum fur all courses i’, ... Q; being a configura- 

^ In II ir scennd voluiiu* wn Inipe to give all ncciifisary nUsnentary cxplaimliuns on 
is Mllljl'Ct. 

* '1‘vvu ctniifie^ art; here eallnl nut distinct if they differ fnim one another only in 
e absolute niugniludc, not in the jiroportions, of the coiniiuiicnt.s of the dcvialion$ 
1 which they diflcr from the standanl ciiun»c. 
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tion infinitely nearly agreeing vnth some, configuration between E 
and 0^ of the standard course O..E.. O^.. O,.... 
and O...Pj, P^... Q denoting the natural courses between 0 and P,, 
and P^ and Q, which deviate infinitely little from this standard course. 

318. Considering now, for simplicity, only cases in which there 
are but two degrees (§ 165) of freedom to mbve, we see that aftM 
any infinitely small conservative disturbance of a system in passing 
through a certain configuration, the system will first again pass 
through a configuration of the undisturbed course, at the first con- 
figuration of the latter at which the action in the undisturbed motion 
ceases to be a minimum. For instance, in the case of a particle, 
confined to a surface, and subject to any conservative system of force, 
a,n infinitely small conservative disturbance of its motion through any 
point, 0, produces a disturbed path, which cuts the undisturbed path 
at the first point, 0\ at which the action in the undisturbed path from 
O ceases to be a minimum. Or, if projectiles, under the influence of 
gravity alone, be thrown from one point, O, in all directions with 
equal velocities, in one vertical plane, their paths, as is easily proved, 
intersect one another cbnsecutively in a parabola, of which the focus 
is O, and the vertex the point reached by the particle projected 
directly upwards. The actual course of each particle from 0 is the 
course of least possible action to any point, P, reached before the 
enveloping parabola, but is not a course of minimum action to any 
point, Q, in its path after the envelop is passed. 

319- Or again, if a particle slides round along, the greatest circle of 
the smooth inner surface of a hollow anchor-ring, the ^action,’ or 
simply the length of path, from point to point, will be least possible 
for lengths (§ 305) less than «• Jak Thus if a string be tied round 
outside on the greatest circle of a perfectly smooth anchor-ring, it will 
slip off unless held in position by staples, or checks of some kind, at 
distances of not less than this amount, irjad, from one another in 
succession round the circle. With reference to this example, see also 
§ 314, above. 

Or, if a particle slides down an inclined hollow cylinder, the 
action from any point will be the least possible along the straight path 
to any other point reached in a time less than that of the vibration 
one way of -a simple pendulum of length equal to the radius of the 
cylinder, and influenced by a force equal tp g cos /, instead of g the 
whole force of gravity. But the action will not be a minimum from 
any point, along the straight path, to any other point reached in a 
longer time than this. The case in which the groove is horizontal 
(f = o) and the particle is projected along it, is particularly simple and 
instnictive, and may be worked out in detail with great ease, without 
assuming any of the general theorems regarding action. 


CHAPTER III. 


EXPERIENCE. 


820. By the term Experience, in physical science, we desighate, 
according to a suggestion of Hcrschel’s, our means of becoming 
aciiuamtcd with the material universe and the laws which regulate it. 
In general the actions which we sec ever taking place around us are 
comfkx, or due to the simultaneous action of many causes. When, 
as m astronomy, we endeavour to as(;crtain these causes by simply 
watching their effects, we observe; when, as in our laboratories, wp 
interfere arbitrarily with the causes or circumstances of a pheno- 
menon, we arc said to exjpmment. 

321. For instance, suppo.sing that wc arc possessed of instru- 
mental means of measuring time and angles, we may trace out by 
successive observations the relative position of the sun and earth at 
different instants; and (the method is not susceptible of any accuracy, 
but is alluded to here only for tlic sake of illustration) from the 
variations in the apparent diameter of the former wc may calculate 
the ratios of our distances from it at those instants. Wc have thus a 
set of observations involving lime, angular position with reference to 
the sun, and ratios of distances from it; sullicient (if numerous 
enough) to enable us to di-scover the laws which connect the varia- 
tions of the.s'e co-ordinates. 

Similar methods may be imagined as applicable to the motion of 
any jilanet about the sun, of a satellite about its primary, or of one 
star about another in a binary group. 

322. In general all the data of Astronomy arc determined in this 

way, and the same may be said of such subjects as Tides and Meteor- 
ology. Isothermal Line.S', l.ines of Eipi.al Dip or Intensity, Lines of 
No Declination, the Connexion of Rol.ir Spots with Terrestrial Mag- 
netism, and a host of other data and phenomena, to be explained 
under the proper heads in the course of the work, are thus deducible 
from Obseniaiion merely. In these cases the apparatus for the gigantic 
experiments is found ready arranged in Nature, and dl tlmt the 
philosopher has to do is to watch and measure their progress fb its 
last details. ^ 
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823. Even in the instance we have chosen above, that of tlii 
planetary motions, the observed effects are complex; because, unless 
possibly in the case of a double star, we have no instance of the 
undisturbed action of one heavenly body on another; but to a firsi 
approximation the motion of a plaffet about the sun is found to be 
the same' as if no other bodies than- these two existed; and tlu 
approximation is sufficient to indicate the probable law of mutual 
action, whose full confirmation is obtained when, its truth beinj 
assumed, the disturbing effects thus calculated are allowed for, and 
found to account completely for the observed deviations from the 
consequences of the first supposition. This may serve to.^ive an 
idea of the mode of obtaining the laws of phenomena, which car 
only be observed in a complex form; and the method can always be 
directly applied when one cause is known fo be pre-eminent 

824. let us take o case of the other kind— that in which the effects 
are so complex that we cannot deduce the causes from the observation 
of combinations arranged in "Nature, but must endeavour to form fen 
ourselves other combinations which roav enable us to study the effects 
of each cause separately, or at least with only alight modification firom 
the interference of other causes. 

A stone, when dropped, falls to the grounid j a brick and a boulder, 
if dropped from the top of a cliff at the same moment, fall side by 
side, and reach the ground togethfaf- But a brick a slate do not; 
and while the former falls in a ilearly vertical direction, the lattci 
describes a most complex path. A sheet of paper or a fragment ol 
gold-leaf presents even greater irregularities than the slate. ^ But b> 
a slight modification of the circumstances, we gain a considerable 
insight into the nature of the question. The paper arid gold-leaf, ii 
rolled into balls, fall nearly in a vertical line. Here, then, there arc 
evidently at least two causes at work, one which tends to make oil 
bodies fall, and that vertically; and anotlrer which depends on the 
form and substance of the body, and tends to retard its fall and alter 
its vertical direction. How can we study the effects of the former 
all bodies without sensible complication from the latta:? The effects 
of Wind, etc., at once point out what the latter cause is, the air (whose 
^istence we may indeed suppose to have been discovered by such 
effects); and to study the natur*e of the action of the former it is 
necessary to get rid of the complications arising from the presence 
of air. Hence the necessity for ^paiment. By means of an appa- 
ratus to be afterwards described, we remove the greater part of the 
air from the interior of a vessel, and in that we try again our expe- 
riments on the fall of bodies; and now a general law, simple in the 
extreme, .though most important in its consequences, is at once appa- 
rent — viz. that all bodies, of whatever size, shape^-br material, if 
dropped side by side at the same instant, fall side bj&side in a space 
void of air. Before experiment had thus separated me phenomena, 
hasty philosophers had rushed to the conclusion that some bodies 
possess the quality of heaviness^ others that of lisJkttiess, etc* Had 
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this state of things remained, the law of gravitation, vigorous though 
its action be throughout the universe, could never have been recog- 
nized as a general principle by the human mind. 

Mere observation of lightning and its effects could never have led 
to the discovery of their relation to the phenomena presented by 
rubbed amber. A modification of tlie course of Nature, such as the 
bringing down of atmospheric electricity into our laboratories, was 
necessary. Without experiment we could never even have learned 
the existence of terrestrial 

325. When a particular agent or cause is to be studied, experi- 
ments should be arranged in such a way as to lead if possible 
to results depending on it alone; or, if this cannot be done, they 
should be arranged so as to show differences produced by vary- 
ing it. 

320. Thus to determine the resistance of a wire against the 
conduction of 'electricity through it, Vve may measure the whole 
strength of current produced in it by electromotive force between 
its ends when the amount of this electromotive force ts given^ 
or can be ascertained. But when the wire is that of a submarine 
teldgraph cable there is always an unknown and ever varying 
electromotive force between its ends, due to the earth (produc- 
ing what is commonly called the “eajth-ciurent’’), and to deter- 
mine its resistance the difference in the strength of the current 
produced by suddenly adding to or subtracting from the terres* 
trial electromotive force, the electromotive force of a given 
voltaic battery is to be very qidckty measured; and this is to be 
done over and over again, to eliminate the effect of variation of 
the earth current during the few seconds of time which must 
elapse before the electro- static induction permits the current due to 
the battery to reach nearly enough its uill strength to practically 
annul error on this score. 

827. Endless patience and perseverance in designing and trying 
different melluids for investigation are necessary for the advancement 
of science: and indeed, in discovery, he is the most likely to succeed 
who, not allowing himself to be disheartened by •the non-success of 
one form of cxi>criment, judiciously -varies his methods, and thus 
interrogates in every conceivably useful manner the subject of his 
investigations. 

328. A most important remark, due to Herschel, regards what aro 
called residual phenomena. When, in an experiment, all known causes 
being allowed for, there remain certain unexplained effects (exces- 
sively slight it may lx:), these mu.st be carefully inve.stigatecl, and every 
conrcivable variation of arrangement of apparatu.s, etc., tried; until, if 
possible, we m.anage so to exaggerate the residual phenomenon as to 
be able to detect its ouse. It is here, perhaps, that in the present 
state of science wc may most reasonably look for extensions of our 
knowled^re; at all events wc are warranted by the recent history of 
Natural Philosophy in so doing. Thus, to take only a very few 
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instances, and to say nothing of the discovery of .electricity and mag- 
netism by the ancients, the peculiar smell observed in a room in 
which an electrical machine is kept in action, was long ago observed, 
but called the ‘smell of electricity,’ and thus left unexplained. The 
sagacity of Schonbein led to the discovery that this is due to the 
formation of Ozone, a most extraordinary body, of enormous chem- 
ical energies ; whose nature is still uncertain, though the attention of 
chemists has for years been directed to it. 

329. Slight anomalies in the motion .of Uranus led Adams and 
Le Verrier to the discovery of a new planet; and the fact that a 
magnetized needle comes to rest sooner when vibrating above a 
copper plate than when the latter is removed, led Arago to what 
was once called magnetism of rotation, but has since been explained, 
immensely extended, and applied to most important purposes. In 
fact, this accidental remark about the oscillation of a needle led 
to facts from which, in Faraday’s hands, was evolved the grand 
discovery of the Induction of Electrical Currents by magnets or 
by other currents. We need not enlarge upon this point, as in 
the following pages the proofs of the truth and usefulness of the 
principle will continually recur. Our object has been not so much 
to give applications as methods, and to show, if possibly how to 
attack a new combination, with the view of separating and studying 
in detail the various causes which generally conspire to produce 
observed phenomena, even those which are apparently the simplest. 

330. If, on repetition several times, an experiment continually gives 
different results, it must either have been very carelessly performed, 
or there must be some disturbing cause not taken account of. And, 
on the other hand, in cases where no very great coincidence is 
likely on repeated trials, an unexpected degree of agreement between 
the results of various trials should be regarded with the utmost 
suspicion, as probably due to some unnoticed peculiarity of the 
apparatus employed. In either of these cases, however, careful 
observation cannot fail to detect the cause of the discrepancies or 
of the unexpected agreement, and may possibly lead to discoveries 
in a totally unthought-of quarter. Instances of this kind may be 
given without limit ; one or two must suffice. 

331. Thus, with a very good achromatic telescope a star appears 
to have a sensible disc. But, as it is observed that the discs of 
all stars appear to be of equal angular diameter, we of course suspect 
some common error. Limiting the aperture of the object-glass 
increases the appearance in question, which, on full investigation, 
is found to have nothing to do with discs at all. It is, in fact, a dif- 
fraction phenomenon, and will be explained in our chapters on Light 

Again, in measuring the velocity of Sound by experiments con- 
ducted at night with cannon, the results at one station wens never 
found to agree exactly with those at the other ; sometimes, indeed, 
the differences were very considerable. But a little consideration 
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led to the remark, that on those nights in. which the discordance 
was greatest a strong wind was blowing nearly from on^ station 
to the other. Allowing for the obvious effect of this, or rather 
eliminating it altogether, the mean velocities on different evenings 
were found to agree very closely/ 

332. It may perhaps be advisable to say a few words here about 
the use of hypotheses, and especially those of very different gradations 
of value which arc promulgated in the form Of Mathematical Theories 
of different branches of Natural Philosophy. 

333. Where, as in the case of the planetary motions and disturb* 
ances, the forces concerned ore thoroughly known, the mathematical 
theory is absolutely true, and requires only analysis to work out its 
remotest details. It is ^us, in general, far ahead of observation, and 
is competent to predict effects not yet even observed — as, for instance, 
Lunar Inequalities due to the action of Venus upon the Earth, etc, etc., 
to which no amount of observation, unaided by theory, would ever 
have enabled us to assign the true cause. It may also, in such 
subjects as Geometrical Optics, be carriedto developments far beyond 
the reach of experiment j but in this science the assumed bases of the 
theory arc only approximate, and it fails to explain in all their peculi- 
arities even such comparatively simple phenomena as lialos and 
Rainbows ; though it is perfectly successful for the practical purposes 
of the maker of microscopes and telescopes, and has, in these cases, 
carried the construction of instruments to a degree of perfection 
which merely tentative processes never could have reached. 

334:. Another class of mathematical theories, based to a certain 
extent on experiment, fs at present useful, and has even in certain 
cases pointed to new and important results, which experiment has 
subsequently verified. Such are the Dynamical Theory of Heat, the 
Unclulatory Theory of Light, etc. etc. In the former, which is based 
upon the experimental fact that Mit is motion, many fomnilac arc 
at present obscure and uninterpretablc, because we do not IcnoW 
what is moving or henu it moves. Results of the theory in which’ 
the.se are not involved, are of course experimentally verified. Tlie 
same difficuliics exist in the Theory of Light. But before this 
obscurity can be iicrfcclly cleared up, wc must know something 
of the ultimate, or molecular, constitution^ of the bodies, or groups 
of molecules, at present known to us only in the aggregate. 

335. A third class is well reprcscnterl by the Mathematical Theories 
of Heat (Conduction), Electricity (Statical), and Magnetisrn (Perma- 
nent). Although we do not know how Heat is propagated in bodies, 
nor nohai Statical Electricity or Permanent Magnetism arc, the laws 
of their forc:c.s arc as. certainly known as that of Gravitation, and 
can therefore like it be developed to their consotiucnccs, by the 
application of Mathematical Analysis. The works of Fourier*, 
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Green*, and Poisson*, are reiiiarkable instances of sucli develop* 
ment. Another good example is Ampere's Theory of Electro* 
dynamics. 

336. Mathematical theories of physical forces are, in general, of 
one of two species. First, those in which the fundamental assump- 
tion is far more general than is necessary. Thus the celebrated 
equation of Laplace’s Functions contains the mathematical foundation 
of the theories of Gravitation, Statical Electricity,- Permanent Mag- 
netism, Permarlent Flux of Heat, Motion of Incompressible Fluids, 
etc. etc., and has therefore to be accompanied by limiting consider- 
ations when applied to any one of these subjects. 

337. Again, there are those which are built upon a few experiments, 
or simple but inexact hypotheses, only; and which require to be 
modified in the way of extension rather thah limitation. As a notable 
example, we may refer to the whole subject of Abstract Dynamics, 
which requires extensive modifications (explained in Division III.) 
before it can, in general, be. applied to practical purposes. 

338. When the most probable result is required from a number of 

observations of the same quantity which do not exactly agree, we 
must appeal to the mathematical theory of probabilities to guide us 
to a method of combining the results of experience, so as to eliminate 
from them, as far as possible, the inaccuracies of observation. But 
it must be explained that we do not at present class as inaccttracics 
of observatio7i any eiTors which may affect alike every one of a series 
of observations, such as the inexact determination of a zero-point or 
of the essential units of time and space, the personal equation of the 
observer, etc. The process, whatever it may be, which is to be 
employed in the elimination of errors, is applicable even to these, but 
only when several distmet series of observations have been made, with 
a change of instrument, or of observer, or of both, _ 

339. We understand as inaccuracies of observation the whole clas^ 
of errors which are as likely to lie in one direction as another in suc- 
cessive trials, and which we may fairly presume would, on the average 
.of an infinite number of repetitions, exactly balance each other in 
excess and defect. Moreover, we consider only errors of such a 
l^ind that their probability is the less the greater they are ; so that 
such errors as an accidental reading of a wrong number of whole 
degrees on a divided circle (which, by the way, can in general be 
probably corrected by comparison with other observations) are not to 
oe included. 

34:0. Mathematically considered, the subject is by no means an 
easy one, and many high authorities have asserted that the reasoning 
employed by Laplace, Gauss, and others, is not well founded ; although 
the results of their analysis have been generally accepted. As an 
excellent treatise on the subject has recently been published by Airy, 

* Essay on the Application of Matk-^aiical Analysis to the Theories of 
Electricity and Magnetisnu- Nottingham, 1828. Reprinted in Cr^'/Zf’j 

* M 4 nioires sur le MagitlHsiiie, Mhn. de H Acad, des Sciences, i8i 1. 
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it is not necessary for us to do more than sketch in the most cursory 
manner what is called the Method of Least Squares, 

341. Supposing the zero-point and the graduation of an instrument 
(micrometer, mural circle, thermometer, electrometer, galvanometer, 
etc.) to be absolutely accurate, successive readings of the value of a 
quantity (linear distance, altitude of a star, temperature, potential, 
strength of an electric current, etc.) m^y, and in general do, con- 
tinually differ. What is most probably the true value of thre observed 
quantity ? 

The most probable value, in all such cases, if the observations are all 
equally reliable, will evidently be the simple mean ; or if they are not 
equally reliable, the mean found by attributing weights to the several 
observations in proportion to their presumed exactness. But if several 
such means have been taken, or several single observations, and if 
these several means or observations have tieen differently qualified 
for the determination of the sought quantity (some of them being 
likely to give a more exact value than others), we must assign theoret- 
ically the best method of combining them in practice. 

342. Inaccuracies of observation are, in general, as likely to be in 

excess as in defect They are also (as before observed) more likely 
to be small than great ; and (practically) large errors are not to be 
expected at all, as such would come under the class of avoidable mis- 
takes. It follows that in any one of a series of observations of the 
same quantity the probability of an error of magnitude a?, must depend 
upon a:*, and must be expressed by some function whose value 
diminishes very rapidly as tc increases. The probability that the 
error lies between x and where Sx is very small, must also be 

proportional to Bx. The law of error thus found is 


where h is a constant, indicating the degree of coarseness or delicacy 

of the system of measurement employed. The co-efficient secures 

that the sum of the probabilities of all possible errors shall be unity, 
as it ought to be. 

343. The Probable Error of an observation is a numerical quantity 
such that the error of the observation is as likely to exceed as to fall 
short of it in magnitude. 

If we assume the law of error just found, and call P the probable 
enor in one trial, we have the approximate result 
P= 0-477;%. 


344. The probable error of any given multiple of the value of an 
observed quantity is evidently the same multiple of the probable error 
of the quantity itself. 

The probable error of the sum or difference of two quantities, 
affected by independent errors, is the square root of the sum of the 
squares of their separate probable errors. 
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345. AiTaSdve'femarked, the principal 'use'of thiTtKeoty is in'the 
deduction, from a large series of observations, of the values of the 
quantities sought in such a form as to be liable to the smallest pro- 
bable error. As an instance — by the principles of physical astronomy,- 
the place of a planet is calculated from assumed values of the elements 
of its orbit, and tabulated in the Nautical Almanac. The observed 
places do not exactly agree with the predicted places, for two reasons 
“first, the data for calculation are not exact (and in fact the main 
object of the observation is to correct their assumed values),* second,’ 
the observation is in error to some unknown amount. Now the 
difference between the observed, and the calculated, places depends 
on the errors of assumed elements ^nd of observation. Our methods' 
are applied to eliminate as far as possible the second of these, and the 
resulting equations give the required corrections of the elements. 

Thus if Q be the calculated R. A. of a planet ; hi, Se, Szj, etc., the 
corrections required for the assumed elements : the true R.A. is 

6 + ASa + £8e+ USm + etc.,. 

where A, E, IT, etc., are approximately known. Suppose the observed 
R.A. to be ©, then 

6 + ASa + ESe + 'nS-a' + ... = ©, 
or ASa + ESe + JISnr + — 

a known quantity, subject to error of observation. Every observation 
made gives us an equation of the same form as this, and in general 
the number of observations greatly exceeds that of the quantities Sa, 
Sc, Szzr, etc., to be found. 

546, The theorems of § 344'lead to the following rule for com- 
bining any number of such equations which contain a smaller number 
of unknown quantities : — 

Ma^e the probable error of the second member the same in ecuh equa- 
tion, by the employment of a proper factor: multiply each equation by the 
co-efficient of x in it a?id add cill,for one of the final equations ; and so, 
with reference to y, z, etc., for the others. The probable errors of the 
^?alues of X, y, etc., found from these final equations will be less than 
those of the values derived from any other linear method of com- 
bining the equations. 

This process has been called the method of Least Squares, because 
the values of the unknown quantities found by it are such as to render 
the sum of the squares of the errors of the original equations a 
minimum. 

347. When a series of observations of the same quantity has been 
made at different times, or under different circumstances, the law 
connecting the value of the quantity with the time, or some other 
variable, may be derived from the results in several ways— all more 
or less approximate. Two of these methods, however, are so much 
more extensively used than the others, that we shall devote a page or 



consist in (t) a Curve, giving a graphic representation of the relation 
between the ordinate and abscissa, and ( 2 ) an Empirical Formula 
connecting the variables. 

348. Thus if the abscissae represent intervals of time, and the 
ordinates the corresponding height of the barometer, we may con- 
struct curves wliich show at a glance the dependence of barometric' 
pressure upon the time of day j and so on. Such curves may be 
accurately drawn by [ihotographic processes on a sheet of sensitive 
paper placed behind the mercurial column, and made to move past 
it with a uniform horizontal velocity by clockwork. A similar pro- 
cess is apfilicd to the Tem[)erature and Electricity of the atmosphere, 
and to the components of terrestrial magnetism. 

349. When the observations are not, as in the last section, con- 
tinuous, .they give us only a .series of points in the curve, from which, 
however, we may in general apiiroximate very closely to the result 
of continuous observation by drawing, libenl manu, a curve passing 
throLiglr these points. This proce.ss, however, must be employed 
with great caution ; bec.ause, unless the observations are sufficiently 
close to each other, most important ductuations m the curve may 
escape notice. It is applicable, with abundant accuracy, to all cases 
where the (piantity observed changes very slowly, 'I'hus, for instance,' 
weekly observations of the temiierature at de[)ths of from 6 to 24 feet 
underground were found by Forbes sufficient for a very accurate 
approximation to the law of the phenomenon. 

350. As an instance of the processes employed for obtaining an 
empirical formula, wc may mention methods of Interpolation, to which 
the [iroblem can always be reduced. Thus from sextant observations, 
at known intervals, of the altitmlo of the sun, it is a common problem 
of Astronomy to (letermine at what instant the altitude is greatest, 
ami what is that greatest altitude. The first enables us to find the 
true solar time at the place, ami the second, by the help of the 
Nautical Almanac, gives the latitude. 'I'he calculus of finite differ- 
ences gives us formulae pro[)or for various data ; and Lagrange has 
shown how to obtain a very useful one by elementary algebra. 

In finite differences we have 

/{x + /<) »/(.r) + M/(.v) + N/{x) + . . . 

This is useful, inasmuch as the succo.ssivc differences, A/(a:), 
A*/(j;), etc., arc easily calculated from the tabulated results of obser- 
vation, provided these have liecn taken for eipial successive in- 
crements of X. 

If for values x^, a ^function takes the values Jy^, y^,-" 

y*, Lagrange give.s for it the obvious expression 

4. — 4. tx - K.) [x - X.) . , 

JO (Xi~a!,){Xi-x,)...(x, -xj *-*a (Xj-*,) (Xj-ac„) 
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Here is assumed that the function" required" is''a"'tational and 
integral one in x of the « — degree; and, in general, a similp 
limitation is in practice applied to the other formula above ; for in 
order to find the complete expression for /(x), it is necessary to 
determine the values of ^/{x), Ay{x),..,. If n of the co-efficients be 
required, so as to give the n chief terms of the general value of/(x), 
we must have n observed simultaneous values of x and /(x:), and the 
expression becomes determinate and of the « - degree in A. 

In practice it is usually sufficient to employ at most three terms 
of the first series. Thus to express the length / of a rod of metal as 
depending on its temperature /, we may assume 

being the measured length at any temperature A and B are to 
be found by the method of least squares from values of I observed for 
different given values of t 

351. These formulae are practically useful for calculating the 
probable values of any observed element, for values of the in- 
dependent variable lying within the range for which observation haa 
given values of the element. But except for values of the inde- 
pendent variable either actually within this range, or not far beyond 
It in either direction, these formulae express ffinctions which, in 
general, will differ more and more widely from the truth the further 
their application is pushed beyond the range of observation. 

In a large class of investigations the observed element is in its 
nature a periodic function of the independent variable. The har- 
monic analysis (§ 88) is suitable for all such. When the values of the 
independent variable for which the element has been observed are 
not equidifferent the co-efficients, determined according to the method 
of least squares, are found by a process which is necessarily very 
laborious ; but when they are equidifferent, and especially when the 
difference is a submultiple of the period, the equation derived from 
the method of least squares becomes greatly simplified. Thus, if 6 
denote an angle increasing in proportion to /, the time, through four 
right angles in the period, 7) of the phenomenon; so that 



let /(&) = A^ + A^cos 6 + A^cos 26 -i-.., 

+.J5^ sin 6 + B^ sin 26 ... 

where A^^ A^, B^,,.. are unknown co-efficients, to" be 

determined so that f{ 6 ) may express the most probable value of the 
element, not merely at times between observations, but through all 
time as long as the phenomenon is strictly periodic. By taking as 
many of these coefficients as there are of distinct data by observation, 
the fomaula is made to agree precisely with these data. But in most 
applications of the method, the periodically recurring part of the phe- 
nomenon is expressible by a small number of terms of the harmonic 
series, and the higher terms, calculated from a great number of data. 
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express'either irregularities of the phenomenon not likely th recur.- 
or errors of observation. Thus a comparatively small number of 
terms may give values of the element even for the very times of ob- 
servation, more probable than the values actually recorded as having 
been observed, if the observations are numerous but not minutely 
accurate. 

The student may exercise himself in writing out the equations to 
determine five, or seven, or more of the coefficients according to the 
method of least squares ; and ' reducing them by proper formulae of 
analytical trigonometry to their simplest and most easily calculated 
forms where the values of B for which /(0) is given are equidifferent. 

‘ • 27r 

He will thus see that when the difference is i being any integer, 

and when the number of the data is i or any multiple of it, the equa- 
tions contain each of them only one of the unknown quantities : so 
that the method of least squares affords the most probable values of 
the co-efficients, by the easiest and most direct elimination. 



CHAPTER IV. 


MEASURES AND INSTRUMENTS. 


352. Having seen in the preceding chapter that for the investiga- 
tion of the laws of nature we must carefully watch experiments, either 
those gigantic ones which the universe furnishes, or others devised 
and executed by man for special objects — and having seen that in 
all such observations accurate measurements of Time, Space, Force, 
etc, are absolutely necessary, we may now appropriately describe a 
few of the more useful of the instruments .employed for these pur- 
poses, and the various standards or units which are employed in 
them. 

353. Before going into detail we may give a rapid risumi of the 
principal Standards and» Instruments to be described in this chapter. 
As most, if not all, of them depend on physical principles to be 
detailed in the course of this work, we shall assume in anticipation 
the establishment of such principles, giving references to the future 
division or chapter in which the experimental demonstrations are 
more particularly explained. This course will entail a slight, but 
unavoidable, confusion — slight, because Clocks, Balances, Screws, 
etc., are familiar even to those who know nothing of Natural Phi- 
losophy ; unavoidable', because it is in the very nature of our subject 
that no one part can grow alone, each requiring for its full develop- 
ment the utmost resources of all the others. But if one of our 
'departments thus borrows from others, it is satisfactory to find that 
it more than repays by the power which, its improvement affords 
them. 

354. We may divide our more important and fundamental instru- 
ments into four classes — 

Those for measuring Time; 

„ „ Space, linear or angular; 

„ „ Force; 

„ ,, Mass. 

Other instruments, adapted for special purposes such as the 
measurement of Temperature, Light, Electric Currents, etc., will 
come more naturally under the head of the particular physical, 
'energies to whose measurement they are applicable. Descriptions ol 
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self-recording instruments such as tide-gauges, and barometers, ther- 
mometers, electrometers, recording photographically or otherwise the 
continuously varying pressure, temperature, moisture, electric poten- 
tial of the atmosphere, and magnetometers recording photographi- 
cally the continuously varying direction and magnitude of the terres- 
trinl magnetic force, must likewise be kept for their proper places in 
our work. 

Calculating Machines have also important uses in assisting 
physical research in a great variety of ways. They belong to two 
classes: — 

I, Purely Arithmetical, dealing with integral numbers of units. 
All of this class are evolved from the primitive use of the calculuses 
or little stones for counters (from which are derived the very names 
calailatwn and “The Calculus”), through such mechanism as that 
of the Chinese Abacus, still serving its original purpose well in 
infant schools, up to the Arithmometer of Thomas of Colmar and the 
grand but partially realized conceptions of calculating machines by 
Babbage, 

II. Continuous Calculating Machines. These are not only useful 
as auxiliaries for physical research but also involve important dy- 
namical and kincmatical principles belonging properly to our subject. 

355. We shall now consider in order the more prominent instru- 
ments of each of these four classes, and some of their most important 
applications : — 

Clock, Chronometer, Chronoscope, Applications to Observation 
and to self-registering Instruments. 

Vernier and Screw-Micrometer, Cathetometer, Spherometer, 
Dividing Engine, Theodolite, Sextant or Circle. 

Common Balance, Bifilar Balance, Jl’crsion Balance, Pendulum, 
Dynamometer. 

Among Standards we m.ay mention™ 

1. Ti 7 nr. — Day, Hour, Minute, Second, sidereal and solar. 

2. .V>(rc<r.— -Y;ird and Mdtrc; Radian, Degree, Minute, Second. 

3. Force . — Weight of a Pound or Kilogramme, etc., in any par- 

ticular locality (gravitation unit); poundal or dyne, Kinetic 
Unit 

4. -Pound, Kilogramme, etc. 

368. Although without instruments it is impossible to procure or 
apply any standard, yet, as 'without the standards no instrument could 
give us almluU measure, wc may consider the standards first- 
referring to the instruments as if we already knew their principles 
and applications. 

857, First we may notice- the stxmdards or umts of angular 
TOCasure; 
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Radia^'Zi angle whose arc is equal to radius J' 

Degree, or ninetieth part of a right angle, and its successive 
subdivisions into sixtieths called Minutes, Seconds, Thirds, etc. The 
division of the right angle into 90 degrees is convenient because it 
makes the half- angle of an equilateral triangle (sin"‘ an integral 
number (30) of degrees. It has long been universally adopted by all 
Europe. The decimal division of the 'right angle, decreed by the 
French Republic when it successfully introduced other more sweeping 
changes, utterly and deservedly failed. 

The division of the degree into 6a minutes and of the minute into 
60 seconds is not convenient; and tables of the circular functions for 
degrees and hundredths of the degree are much to be desired. 
Meantime, when reckoning to tenths of a degree suffices for the 
accuracy desired, in any case the ordinary tables suffice, as 6' is of 
a degree. 

The decimal system is exclusively folloi^d in reckoning by radians. 
The value of two right angles in this reckoning is 3‘i4iS9... , or ir. 
Thus IT radians is equal to r8o°. Hence i8o°-;-7ris 57“*29578 ... , 
or 57° 17' 44" -8 is equal to one radian. In mathematical analysis, 
angles are uniformly reckoned in terms of the radian- 

358 . The practical standard of time is the Siderial Day, being the 
period, nearly constant’, of the earth’s rotation about its axis (§ 237). 

I From it is easily derived the Mean Solar Day, or the mean interval 
which elapses between successive passages of the sun across the 
meridian of any place. This is not so nearly as the former, an abso- 
lute or invariable unit; secular changes in the period. of the earth’s 

* In our first edition of our larger treatise it was stated that Laplace had calculated 
from ancient observations of eclipses that the period of the earth’s rotation about 
its axis had not altered by riTtnftnnnr of itself since 720 B.c. In § 830 it was 
pointed out that this conclusion is overthrown by farther information from 
Physical Astronomy acquired in the interval between the printing of the two 
sections, in virtue of a correction which Adams had made as early as 1 863 upon 
Laplace’s dynamical investigation of an acceleration of the moon’s mean motion, 
produced by the Sun’s attraction, showing that only about half of the observed 
acceleration of the moon’s mean motion relatively to the angular velocity of the 
earth’s rotation was accounted for by this cause. (Quoting from the first edition, 
§830.] “In 1859 Adams communicated to Delaunay his final result; — that at 
/'the end of a century the moon is 5"7 before the position she would have, 
.“relatively to a meridian of the earth, according to the angular velocities of the 
“two motions, at the beginning of the century, and the acceleration of the 
“moon’s motion truly calculated from the various disturbing causes then recog-' 
“nized. Delaunay soon after verified this result : and about the beginning of 
“1866 suggested that the tiue explanation may be a retardation of the earth’s 
.‘‘totation by tidal friction. Using this hypothesis, and allowing for the conse- 
•‘quent retardation of the moon’s mean motion by tidal reaction (g 276), Adams, 
•‘in an estimate which he has communicated to us, founded on the rough as- 
•‘sumption that the parts of the earth’s retardation due to solar and lunar tides 
ji'‘are as the squares of the respective tide-generating forces, finds 22* as the 
.“error by which the earth would in a century get behind a perfect clock rated 
.“atthe beginning of the century. If the retardation of rate ^ving this integral, 
“effect were uniform {§ 32), the earth, as a timekeeper, would be going slower 
‘•by ‘22 of a second per year m the middle, or '44 of_a _second peLyear_a^lhe 
“end, than at the beginning of a century." 
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■^volutibh found the sun affect it, though very slightly.' fns fhvided 
into 24 hours, and the hour, like the degree, is subdivided into 
successive si.xtieths, called minutes and seconds. The usual sub- 
division of seconds is decimal. 

It is well to observe that seconds and minutes of time are distin- 
guished from those of angular measure by notation. Thus we have 
for time 13“ 43"* zy'-sS, but for angular measure 13" 43' 27"'s8. 

When long periods of tune are to be measured, the mean solar 
year, consisting of 366-242203 sidenal days, or 365-242242 mean 
solar days, or the century consisting of 100 such years, may be con- 
veniently employed as the unit. 

359 . The ultimate standard of accurate chrondmetiy must (if the 
human race live on the earth for a few million years) be founded on 
the physical properties of some body of more constant character 
than the earth for instance, a carefully-arranged metallic spring, 
hermetically sealed in an exhausted glass vessel. The time of vibra- 
tion of such a spring would be necessarily more constant from day to 
day than that of the balance-spring of the best possible chronometer, 
disturbed as this is by the train of mechanism with which it is con- 
nected; and It would certainly be more constant from age to age 
than the time of rotation of the earth, retarded its it now is by tidal 
resistance to an extent that becomes very sensible in 2000 years ; 
and cooling and shrinking to an extent that must produce a very 
considerable elTect on its time-keeping in fifty million years. 

US, ^ •>. • 

300 . The British standard of length is the Imperial Yard, defined 
as the distance between two mark.s on a certain metallic bar, pre- 
served in the Tower of London, when tlie whole ha.s a temperature of 
60" Fahrenheit. It was not directly derived from any fixed (luantity 
in nature, although some miporcant relations with natural elements have 
been measured with great accuracy. It has been carefully coni])ared 
with the leni'th of a secoiwl's pendulum vibrating at a certain station in 
the ncigjibourhood of London, so that should it .again be destroyed, 
as it was at itie burning of the Houses of rarliaiiient in 183.1, and 
should all e.Kact copies of 11, of which several are preserved in varioii.s 
filaces, be also lost, it can be restored by pcmluluiu observations. A 
less accurate, but still (unless in the event of earthquake disiurbatice) 
a very good, means of reproducing it exists in the ineasuretl base-lines 
of tlu; (Jrdnaiice Survey, and the thence calculated distances between 
definite suuioiis'iu the Ihttisli Islands, which have been ascertained 
in terms of it with a degree of ru-tairary sometimes within an inch 
per mile, that is to say, within about 'roocoT- 

301 . In scientific investigations, we endeavour as much as possible 
to keep to one unit at a time, and ilic loot, which is defined to be 
'one-ilurd jiart of the yard, is, fur British measurement, generally 
adopted. Unfortun.udy ilie inch, or one-twellth of a foot, must 
sometimes be used, but 11 i.s subdivided decimally. The statute mile, 
or 1760 yards, is unforttmatcly often used when great lengths on land 
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are consideired jlBut the sea-mile, or average” minute'of latitude, is 
much to be preferred. Thus it appears that the British measurement 
of length is more inconvenient in its several denominations than the 
European measurement of time, or angles. 

362 . In the French metrJfcal system the decimal division is exclu* 
sively employed. The standard, (unhappily) called the Mhtre, was 
defined originally as the ten-millionth part of the length of the 
quadrant of the earth’s meridian from the pole to the equator; but it 
is now defined practically by the accurate standard metres laid up in 
various national repositories in Europe. It is somewhat longer tihan 
the yard, as the following Table shows : 

Inch 25*39977 millimetres. Centimetre = *3937043 inch. 

Foot= 3*047972 decimetres. Metre = 3*280869 feet. 

British Statute mile Kilometre = *6213767 British 

= 1609*329 metres. Statute mile. 

363 . The unit of superficial measure is in Britain the square yard, 
in France the mbtre carrd. Of course we may use square inches, 
feet, or miles, as also square millimetres, kilometres, etc., or the 
Hectare - xo, 000 square metres. 

Square inch = .6*451483 square centimetres. 

„ foot= 9*290135 „ decimetres. 

„ yard= 83*61121 „ decimetres. 

Acre = *4046792 of a hectare. 

Square British Statute mile = 258*9946 hectare. 

Hectare* 2*471093 acres. 

364 . Similar remarks apply to the cubic measure in the two 
countries, and we have the following Table:—’ 

Cubic inch* 16*38661 cubic centimetres. 

„ foot*.' 28*31606 „ decimetres or Zi/m. 

Gallon * 4*543808 litres. 

„ =277*274 cubic inches, by Act of Parliament, 

now repealed. 

Litre = *035315 cubic feet. 

365 . The British unit of mass is the Pound (defined by standards 
only); the French is the Kilogramme^ defined originally as a litre of 
water at its temperature of maximum density; but now practically 
defihed by ejdsting standards. 

Grain =^4*7 9896. milligrammes. (Gramme = 15*43235 grains. 

Pound = 453*5927 grammes. [ Kilogram. = 2*20362125 lbs. 

Professor W. H. Miller finds {Phil. Trans.., 1857) that the ^kilo- 
gramme des Archives' is equal in mass to 15432*349 grains: and 
the ‘ kilogramme type laiion,' deposited in the Ministbre de I’lntdrieure 
an Paris, as standard for French commerce, is 15432*344 grains. 

368 . The measurement of force, whether in terms of the weight' 
of a stated mass in a stated localify, or in terms of the absolute or 
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unit, ‘has been explained in Chapter IL (See §§ 221 — 227.) 
From the measures o& force and length we derive at once the measure 
of work or mechanical effect. That practically employed by engi- 
neers is founded on the gravitation measure of force. Neglecting the 
difference of gravity at London and Paris, we see from the above 
Tables that the following relations exist between the London and the 
Parisian reckoning of work:—' 

Foot-pound - •= 0*13825 kilogramme-mbtre, 
Kilogramme-mbtre ' = 7*2331 foot-pounds. 

367 . A Clock is primarily 'an instrument which, by means of a 
train of wheels, records the number of vibrations executed by a 
pendulum ; a Chronometer or Watch performs the same duty for the 
oscillations of a flat spiral spring — ^just as the train of wheel-work in 
a gas-meter counts the number of revolutions of the main shaft 
caused by the passage of the gas through the machine. As, how- 
ever, it is impossible to avoid friction, resistance of air, etc., a pendtP 
lum or spring, left to itself, would not long continue its oscillations, 
and, while its motion continued, would perform each oscillation in 
less and less time as the arc of vibration diminished : a continuous 
supply of energy is furnished by the descent of a weight,' or the 
uncoiling of a powerful spring. This is so applied, through the 
train of wheels, to the pendulum or balance-wheel by means of a 
mechanical contrivance called an Escapement^ that the oscillations are 
maintained of nearly uniform extent, and therefore of nearly unifprm 
duration. The construction of escapements, as well as of trains of 
clock-wheels, is a matter of Mechanics.^ with the details of which we 
are not concerned, although wt may easily be made, the subject ol 
mathematical investigation. The means of avoiding errors intro- 
duced by changes of temperature, which have been carried out in 
Co 7 npensaiion pendulums and balances, will be more properly described 
in our chapters on Heat. It is .to be observed that there is little 
inconvenience if a clock lose or gain regularly; ytiZX. can. be easily 
and accurately allowed for : irregular rate is fatal 

368 . By means of a recent application of electricity, to be after- 
wards described, one good clock, carefully regulated from time to 
time to agree with astronomical observations, may be made (without 
injury to its pwn performance) to control any number of other less- 
'perfectly coristrupted clocks, so as t'o compel their pendulums to 
vibrate, beat for beat, with its own. 

369 . In astronomical observations, time is estimated to tenths of 
a second by a practised observer, who, while watching the phe- 
nomena, counts the beats of the clock. But for the very accurate 
’ measurement of short intervals, many instruments have been devised. 
Thus if a small orifice be opened in a large and deep vessel full of 
mercury, and if we know by trial the weight of metal that escapes 
say in five minutes, a simple proportion gives the interval which 
elapses during the'-escape of any given weight It is easy to. con- 
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trive an adjustment by whidh a vessel «iay be- placed under, and 
withdrawn from, the issuing ^eam at the. time of occurrence of any 
two successive phenomena. 

370. Other contrivances are sometimes employed, called Stop* 
watches, Chronoscopes, etc., which ' pan be read off at' rest, startefi 
on the occurrence of any phenomenon, and stopped at the oc- 
currence of a second, then again read off j or which allow of the 
making (by pressing a stud) a slight ink-mark, on a dial revolving 
at a given rate, at the instant of the occurrence of each phe- 
nomenon to be noted. But, of late, these have almost entirely given 
place to, the Electric Chronoscope, an instrument which will be fully 
described later, when we shall have occasion to refer to experiments 
in wliich it has been usefully employed. 

371. We now come to the measurement of space, and of angles, 
and for these purposes the most important instruments are the Vernier 
and the Screw, 


372. Elementary geometry, indeed, gives us the means of dividing 
any straight line into any assignable number of equal parts; but in 
practice this is by no means an accurate 
or reliable method. It was formerly used 
in the so-called Diagonal Scale, of which 
the construction is evident from the dia- 
gram,. The reading is effected by a 
sliding piece whose edge is perpendicular 
to the length of the scale. Suppose that 
it is PQ whose position on the scale is. 
required. This can evidently cut only one 
of the transverse lines. lis number gives 
the number of tenths of an inch (4 in the 
figure^, and the horizontal line next above 
the point of intersection gives evidently 
the number of hundredths (in the present ca^e Hence the 
reading is 7*44. As an idea of the, comparative uselessness of 
this method, we may mention that a quadrant of 3 feet radius, 
which belonged to Napier of Merchiston, and is divided on the 
limb by this method, reads to minutes of a degree; no higher, 
accuracy than is now attainable by the pocket sextants made by 
Troughton and Simms, the radius of whose arc is virtually little 
more than an inch. The latter instrument is read by the help 
of a Vernier. 



873. The Vernier is commonly employed for such instaruments as 
the Barometer, Sextant, and Cathetometer, while the Screw is appliedj 
to the more delicate instruments, such as Astrononiical Circlesi^ 
Micrometers, and the Spherometer. 

374. The vernier consists' of . a slip of metal which . slides’ 
along a divided scale,:.; the edges of 'the two being coincident»i 
Hence, when it is applied to a divided- circle, its edge is circt^^ 
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■and it moves about an axis passing through the centre of the 
divided limb. 

In the sketch let 0, 1, 2, ... 10 denote the divisions on the vernier, 
o, r, - 2 , etc., any set of consecutive divisions on the limb or scale 
along whose edge it slides. If, when 0 and o 'coin- 
cide, 10 and II coincide also, then lo divisions of 
the vernier are equal in length to ii on the limb; 
and therefore eacli division of the vernier is | Jths, 
or lA of a division on the limb. If, then, the ver- 
nier be moved till 1 coincides with i, 0 will be -.j-Vth 
of a division of the limb beyond o; if 2 coincide 
with a, 0 will be fjyths beyond o; and so on. Hence 
to read the vernier in any position, note first the 
division next to o, and behind it on the limb. This 
is the number of divi.sions to be read. 

the fractional part, see which division of tlie vernier 
is in a line witli one on the limb; if it bo the 4tli 
^as in the figure), that indicates an addition to the 
reading of -jJ^ths of a division of the limb; and so on, _ 

Thii.s, if the figure represent a barometer .scale divided ’ 

into inches and tenths, the reading is 3o'34, the zero 
line of the vernier being adjusted to the level of the mercury. 



375, If the limb of a sextant be tlivided, as it usually is, to third- 
parts of a degree, aiul the vernier be formed by dividing twenty-one 
of thc.se into twenty equal parts, the imstrument can be read to 
twentieths of division.s on the limb, that i.s, to minutes of arc. 

If no lino on the vernier coincide witli one on the limb, then since 
the divisions of the former are the longer there will be one of the 
latter included between the two lines of the vernier, and it is usual 
in practice to take the moan of the readings which would be given 
by a coincidence of either pair of bounding lines. 

370. In the above sketch and descrqition, the numbers on the 
scale, and vcriucr have lieen sup[)t)sed to run opposiie ways. 'I'lns 
is gcTrcially the case with Ilritish instruments. In some foreign ones 
the division': run in the .same direction on vernier and limb, and in 
that case it is easy to see that to read to tentlis of a scale division we 
must have ten divisions of the vernier oiiual tq nine of the scale. . 

Ill general to read to the «th part of a scale division, 7i divisions of 
the vernier must equal ;/ +■ i or « -- 1 divisions on the limb, according 
as these run in ojijmsite or similar directions.’ 


377.’ The princi]jle of the Serm has been already noticed (§ 114). 
It may be used in either of two ways, i.c, the nut may be fi.x;cd, 
and the screw advance through it, or the screw may be prevented 
from moving longitudinally by a fixed colkir, in .whjeh case tlie nut, 
if jirevcnied by hxtal guides from rotating, will move in the direction 
.'of the common axis. I’he advance in either case is evidently pro- 
,portional.to the angle through which the screw has turned about it^ 



perpendiculatly to the screw at one end, the divisions being read ol 
by a pointer or vernier attaclicd to the frame of the instrument. 'I'ht 
nut carries with it cither a tracing-iioint (as in the dividing engine) o: 
a wire, thread, or half the object-. glas.s of a telescope (as in micro 
meters), the thread or wire, or the play of the tracing-point, bein^ 
at right angles to the axis of the screw. 

378. Suppose it be required to divide a line into any niunbei 
of equal parts. The line is placed parallel to the axis' of the screw 
with one end exactly under the tracing-jioint, or under the iixed win 
of a microscope carried by the nut, and the screw-head is rca<l olf. Bj 
turning the head, the tracing-iioint or niicroscojic wire is brungjit to tin 
other extremity of the line; and the number of turms and fractions oi 
a turn required for the whole line is thus ascertained. Dividing tint 
by the number of equal parts required, we find at OQce the numbei 
of turns and fractional parts corresponding to atie of the i'ci[uired 
divisions, and by giving that amount of rotation to the .screw over and 
over again, drawing a line after each rotation, the required tlivision is 
effected. 

379. In the Micrometer^ the movable wire carried by the nut 
is parallel to -a fixed wire. By bringing them into optical contact 
the 2 ero reading of the head is known; hence when another reading 
has been obtained, we have by subtraction the nnnihcr of turn.s 
corresponding to the length of the object to be measured. M'he 
absolute value of a turn of the screw is determined by ealeiilation 
from the number of threads in an inch, or by actually apt-tlying the 
micrometer to an object of known dimenslon.s. 

380. For the measurement of the thickness of a jilate, or the cur- 
vature of a lens, the Spherometer is used. It consists of a screw nut 
rigidly fixed in the middle of a very rigid three-legged table, with its 
axis perpendicular to the plane of the three feet (or finely rounded 
ends of the legs,] and an accurately cut screw working in this nut. 
The lower extremity of tlie screw i.s .also finely rounded. The number 
of turns, whole or fractional, of the screw, is read off liy a dividcal 
head and a pointer fixed to the stem. Supjio.se it be required to 
measure the thickness of a plate of glass. I'he three feet of the 
instrument arc i)laced upon a nearly enough fiat surface of a hard 
body, and the screw is gradually turned until its point touches and 
presses the surface. The muscular sense of touch perceives resistance to 
the turning of the screw when, after touching the hard body, it pres.scs 
on it •\vith a force somewhat exceeding the weight of the screw. I’he 
first effect of the contact is a diminution of rc.si.stance to the turning, 
due to the weight of the screw coming to be borne on its fine pointed 
end instead of on the thread of the nut The sudden increase of 
resistance at the instant when the screw commences to bc.'ur part of 
the weight of the nut finds the sense prepared to tKsrceive it with re- 
markable delicacy on account of its contrast with the immediately 
preceding diminution of resistance. The screw-head is now read off, 
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and the screw turned backwards until' room is left for the insertion, 
beneath its point, of the plate whose thickness is to be measured. 
The screw Is again turned until increase of resistance is again per- 
ceived,' and the screw-head is again read off. The difference of the 
readings of the head is equal to the thickness of the plate, reckoned 
in the proper unit of the screw and the division bf its head. 


381. If the curvature of a lens is to be measured, the instrument 
is first placed, as before, on a plane surface, and the reading for the 
contact is taken. The same operation is repeated on the spherical 
surface. The difference of the screw readings is evidently the’ 
greatest thickness of the glass which would be cut off by a plane' 
passing -through the three feet. This is sufficient, with the distance 
between each pair of feet, to enable us to calculate the radius of the 
spherical surface. 


In fact if d! be the distance between each pair of feet, / the length 
of screw corresponding to the difference of the two readings, R the 

radius of thre spherical surface; we have at once 2 ^? = ^+/, or, as / 
is generally vejy ' sriiall compared with the diameter is, very ap- 
proximately, 


382. The Cathetoineter is used for the accurate determination of 
differences of level — for instance^ in measuring the height to which a 
fluid rises in a capillary tube -above the exterior free surface. It 
consists of a long divided metallic stem, turning round an axis as 
nearly as may be parallel to its length, on a fixed tripod stand: and, 
attached to the stem, a spirit-leyel. Upon the stem slides a metallic 
piece bearing a telescope of which the length is approximately enough 
perpendicul^ to the axis. The telescope tube is as nearly as may be 
perpendicular to the length of the stem. .By levelling.scr,evvs in two 
feet of the tripod the bubble of the spirit-level is'' brought to one 
position of its glass when the stem is turned all round' its axis. This 
Secures that the axis is vertical. In using the instrurnent the 
telescope is directed in succession to the two objects whose difference 
of level is to be found, and in each case moved (generally by a 
delicate screw) up or down the stem, until a horizontal wire in the 
focus of its eye-piece coincides with the image of the object The 
difference of readings on the vertical stem (each taken generally by 
aid of a vernier sliding piece) corresponding to the. two positions of 
the telescope gives the required difference of. level 


383. The pri'nciple of the Balance is generally known. "We may 
note here a few of the precautions adopted in the best balances to 
guard against the various defects to which the instrument is liable ; 
and the chief points to be attended to in its construction to secure 
delicacy, and rapidity of weighing. 

The balance-beam should be very stiff, and as light as possible 
consistently with the requisite stiffness. For this purpose it is 
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generally formed either of tubes, or of "a sort of lattice-framework 
To avoid friction, the axle consists of a knife-edge, as it is calk-d 
that is, a wedge of hard steel, which, when the balance is in use 
rests on horizontal plates of polished agate. A similar contrivanc( 
‘is applied in very delicate balances at the points of the beam frou 
which tlie scale-pans are suspended, \yhen not in use, and jus 
before use, the beam with its knife-edge is lilted by a lever arrange 
ment from the agate plates. While thus secured it is loaded will 
weights as nearly as possible equal (this can be attained by previou 
trial with a coarser instrument), and the accurate determination i 
then readily effected. The last fraction of the reiiuired weight i: 
determined by a rider, a very small weiglit, generally formed of wire 
which can be worked (by a lover) from the outside of the glass <-as( 
in which the balance is enclosed, and which m.ay be {daced it 
different positions upon one arm of the beam. This arm in gra 
duated to tenths, etc., and thus shows at once the value of the rider ii 
any case as depending on its moment nr leverage, § 233. 

384 . Qualities of a balance : 

1. SlaMiiy.—FoT stability of the beam alone without pans am 
weights, its centre of gravity must be below its bearing knife-edge 
For stability with the heaviest weights the line joining the points a 
the ends of the beam from which the pans Ate hung must be helov 
the knife-edge bearing the whole. 

2. SensidiUiy . — The beam .should be sensildy di^Hirctcd fnnn j 
horizontal position by the smallest difference belwei'u the weig.liis ii 
the scale-pani The definite measure of the sensildlity is the angl' 
through which the beam is dcllected by a stated dill'crcnce bctwcci 
the loads in the pans. 

3. Quickness. — I’his means rapidity of oscillation, and consequent! 
sp.eed in the performance of a weighing. It depends mainly ujion th 
depth of the centre of gravity of tlic whole below the knife edge am 
the length .of the beam. 

In our Chapter on Statics we shall give the investigation. Th 
sensibility and quickness are calculated for any given form am 
dimensions of the instrument, in § 592. 

A fine balance .should turn will) about a 500,000th of the greates 
load which can safely be placed in either pan. 

The process of Double iVeiyhin^^ which consists in r.ounterjudsmg 
mass by shot, or sand, or pieces of fine wire, ami then substilutin 
weights for it in the same pan till equilibrium is attained, is mor 
laborious, but more accurate, thdn single weighing ; as it eliminate 
all Errors arising from unequal length of the arms, etc. 

Correction is required for the weights of air displaced by the tw 
bodies weighed against one another when their difference is too larg 
to be negllgable. 

385 . In the Tpf^on-balance invented, and u.sccT with groat effee 
by Coulomb, a force is measured by tire torsion of a fibre of .silk, 
glass tliread, or a metallic wire. The fibre or wire .is fixed at it 
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upper end, or at both ends, according to circumstances. In general 
it carries a very light horizontal rod or needle, to the extremities of 
'.which are attached the body on which, is exerted the force to be 
measured, and a counterpoise. The upper extremity of the torsion 
fibre is fixed to an index passing through the centre of a divided 
disc, so that the angle through which that extremity moves is directly 
measured. If, at the same time, the angle through which the needle 
has turned be measured, or, more simply, if the index be always 
turned till the needle assumes a diflerent position determined by 
marks or sights attached to the case of the instrument — we have the 
amount of torsion of the fibre, and it becomes a simple statical pro- 
bleni to determine from the latter the force to be measured; its direc- 
tion, and point of application, and the dimensions of the apparatus, 
being known. Tlio force of torsion as depending on the angle of 
torsion was found by Coulomb to follow the law of simple proportion 
up to the limits of ])erfect ela.sticity — as might have been e.xpectcd 
from Hooke's Law (see Properties of Matter), and it only remains' 
that we determine the amount for a particular angle in absolute 
measure. This determination is, in general, simple enough in theory; 
'but in practice requires considerable care and nicety. The torsion- 
balance, however, being chiefly used for comparative, not absolute, 
measure, this determination is often unnecessary. More will be said 
about it when we come to its apiflication. 

386. The ordinary spiral spring-balances used for roughly com-, 
paring cither .small or large weights as forces, are, properly speaking,' 
only a modified form of torsion-balance', as they act almost entirely 
by the torsion of the wire, and not by longitudinal extension or by 
flexure. Spring-balances we believe to be capable, if carefully con- 
structed, of rivalling the ordinary balance in accuracy. While, for some 
a[)plication.s, they far surpass it in sensibility and convenience. They, 
measure diretUly /t>fre, not mass; and tlierefore if used for deter- 
mining masses in different parts of the earth, a correction must be 
api)lied for the varying force of gravity. The correction for tem- 
perature must not he overlooked. These corrections may bo avoided 
by the method of double weighing. 

387. Perhap-s the most delicate of all instruments for the measure- 
ment of force is the Pendulum. It is proved in Kinetics (see Div. II.) 
that for any pendulum, whether oscillating about a mean vertical 
position under the action of gravity, or in a horizontal plane, under 
the action of magnetic force, or force of torsion, the square of the 
number of small oscillations in a given time is proimrtional to the 
‘magnitude of the force under which these o.scillatibns take places 

Tor tlie estimation of the relative amounts of gravity at different 
places, this is by far the most perfect instrument. 'I’he method of 
coincitlences by which this process has been rendered so excessively 

will Kf. fl(>n/.rib(»rl lnf»‘r 


In fact, the kinetic measure oi lorce, as it is tne iirst am 
most truly elementary, is also far the most easy as well as perfec 
method in many practical cases. It admits of an easy reduction 
gravitation measure. 


■ ’388. Weber and Gauss, in constructing apparatus for observation 
of terrestrial magnetism, endeavoured so to modify them as to admi 
of their being read from some distance. For this purpose each hai 
made at that time too ponderous, carried a plain mirror. By mean 
of a scale, seen after reiloction in the mirror and carefully road will 
a telescope, it was of course easy to compute the deviations which th 
mirror had experienced. But, for many reasons, it was deemed necej 
sary that the deflections, even under considerable furc;e, should 
very small. With this view the Biji/ar suspension was introduced 
The bar-magnet is suspended horizontally by two vertietd wires o 
fibres of equal length so adjusted as to share its weiglit equal!' 
between them. When the bar turns, the suspension-fibres becoim 
inclined to the vertical, and therefore the bar must rise. Hence, i 
we neglect the torsion of the fibres, the bifilar actually measures ! 
force by comparing it with the weight of the suspended magnet. 

Let a be the half length of the bar between the points of attach 
raent of the wires, 6 the angle through which the bar has been turnet 
(in a horizontal plane) from its position of equilibrium, i the lengt! 
of one of the wires. 

Then if Q be the couple tending to turn the bar, and IKits weight 


we have 



sin 0 



which gives the couple in terms of the dclloition 0. 

If the torsion of the fibres be taken into account, it will b( 
sensibly equal to 0 (since the greatest inclination to the vcrtica 
is small), and therefore the couple resulting from it will be BO 
where E is some constant. This must be added to the viduc of ( 
just found in order to get the whole deflecting couple. 


389. Ergometers are instruments for measuring energy. IV/tik', 
friction brake measures the amount of work actually perfurau-d it 
any tinio by an engine or other ‘ prime mover,' by allowing it during 
the time of trial to waste all its work on friction. Morin's erj^wnrta 
measures work without wasting any of it, in the course of its trans 
mission froin the prime mover to machines in which it is usd'uHj 
employed. It consists of a simple arrangement of springs, measur 
ing at every instant the couj>/e with which the prime mover turns th( 
shajft that transmits its work, and an integrating machine from wind 
the work done by this couple during any time can be read otX. 


390. White’s friction brake consists of a lever clamped to th( 
shaft, but not allowed to turn with it. The moment of the force 
jrequired to prevent the lever from going round with the sliaft 
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multiplied by the whole angle through which the shaft turns, measures* 
the whole work done against the friction of the clamp. The same 
result is much more easily obtained by wrapping a rope or chain 
several time.s round the shaft, or round a cylinder or drum carried 
rouml by the shaft, and applying measured forces to its two ends 
in proper directions to keep it nearly steady while the shaft turns 
round without it. The difference of the moments of these two force? 
round the axis, multiplied by the angle through which the shaft turns, 
measures the whole work spent on friction against the rope. If we 
remove all other resistance to the shaft, and apply the proper amount 
of force at each end of the rope or chain (which is very easily done 
in practice), the prime mover is kept running at the proper speed 
for the test, and having its whole work thus wasted for the time and 
measured. 
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CHAPTER V.—TNTRODUCTORY. 

391. Until we know thoroughly the nature of matter and tli 
forces which produce its motions, it will be utterly impossible t 
.submit to mathematical reasoning the exac/: conditions of any ph; 
sical question. It has been long understood, however, that an a] 
proximate solution of almost any problem in the ordinary branchi 
of Naturq,! Philosophy may bo easily obtained by a .species of a 
straction, or rather limitaihm of the data^ such as enable.s us oasi 
to solve the modified form of the (]uestion, while we are well assurt 
that the circumsUances (so motlifiotl) alfcct the result only in a supe 
ficial manner, 

392. Take, for instance, the very simple case of a crowbar cr 
iploycd to move a heavy mass, 'i'hc accurate niatheinaiical invc;,i 
gallon of the action would involve the sinuiltuneoiis treatment ol' tl 
■motions of every part of bar, fulcrum, and mass raisi-d ; and from oi 
■almost complete ignorance of the nature of matter and inoleml: 
'forces, it is clear that .such a treatment of the problem i.s impost.ibU 

It is a result of observation that the particles tif the bar, fulcriu 
..and mass, separately, retain throughout the process neatly the sau 
relative positions. Hence the idea of s<j!ving, instead t»f the abu' 
limpossible cpiestion, another, in reality (piite different, but, win 
infinitely simpler, obviously leading to nearly the .same reiaiUs us il 
former. 

393. The new form is given at once by the cxfierimental rent 
lOf the trial. Imagine the masses involved to he /t7;/o//H cn:/<f (i. 
incapable of changing their forms or dimensions), and the inliui 
.multiplicity of the forces, really acting, may be left out of con 
-deration; so that the mathematical invesligatioK deals with a Inti 
'(and generally small) number of forces instead of a practically ialmi 
number. Our warrant for such a substitution is established thus. 
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394. The only effects of the intermolecular forces would be ex'* 
hibited in molecular alterations of the form or volume of the masses 
involved. _ But as these (practically) remain almost unchanged, the 
forces which produce, or tend to produce, changes in them may be 
left out of consideration. Thus we are enabled to investigate the 
action of machine^ by supposing it to consist of separate portions 
whose forms and dimensions are unalterable. 

395. If we go a little farther into the question, we find that the 
levp bends, some parts of it are extended and others compressed. 
This would lead us into a very serious and difficult inquiry if we had^ 
to take account of the whole circumstances. But (by experience) we 
j^find that a sufficiently accurate solution of this more formidable case 
of the problem may be obtained by supposing (what can neuer be 
realized in practice) the mass to be homogeneous, and the forces 
consequent on a dilatation, compression, or distortion, to be propor- 
tional in magnitude, and opposed in direction, to these deformations 
respectively. By this farther assumption, close approximations may 
be made to the vibrations of rods, plates, etc., trs well as to the statical 
effects of springs, etc. 

396. We may pursue the process farther. Compression, in general, 
develops heat, and extension, cold. These alter sensibly the elas- 
ticity of a body. By introducing such considerations, we reach, 
without great difficulty, what may be called a third approximation- 
to the solution of the physical problem considered. 

397. We might next introduce the conduction of the heat, so 
^produced, from point to point of the solid, with its accompanying 
modifications of elasticity, and so on ; and we might then consider 
the production of thenno-electric currents, which (as we shall see) 
are always developed by unequal heating in a mass if it" be not per- 
fectly homogeneous. Enough, however, has been said to first, 
our utter ignorance as to the true and complete solution of any 
physical question by the only perfect method, that of the consideration 
of the circumstances which affect the motion of every portion, sepa- 
rately, of each body concerned ; and, second, the practically sufficient 
manner. in which practical questions maybe attacked by limiting their 
generality, the limitations introduced being themselves deduced from ex- 
fierience, and being therefore Nature’s own solution (to a less or 
jgreater degree of accuracy) of the infinite additional number of 
equations by which we should otherwise have been encumbered. 

398. To take another case: in the consideration of the propa- 
gation of waves on the surface of a fluid, it is impossible, not only 
on account of mathematical difficulties, but on account of our igno- 
-lance of what matter is, and what forces its particles exert on. each 
•other, to form the equations which would give us the separate motion 
of each. Our first approximation to a solution^ and one sufficient 
tfor most practical purposes, is derived from the consideration of the 
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motion of a homogeneous, incompressible, and perfectly plastic mass; 
a hypothetical substance which, of course, nowhere exists m nature. 

399. Looking a little more closely, we find that the actual motion 
'differs considerably from that given by the analytical solution of the 
restricted problem, and we introduce farther considerations, such as 
the compressibility of fluids, their internal friction, the heat generated 
by the latter, and its effects in dilating the mass, etc. etc. By such 
successive corrections we attain, at length, to a mathematical result 
which (at all events in the present state of experimental science) 
agrees, within the limits of experimental error, with observation. 

400. It would be easy to give many more instances substantiating 
what has just been advanced, but it seems scarcely necessary to d^, 
so. We may therefore at once say that there is no question iii’ 
physical science which can be completely and accurately investigated 
by mathematical reasoning (in which, be it carefully remembered, 
it Is not necessary that symbols should be introduced), but that there 
are different degrees of approximation, involving assumptions more 
and more nearly coincident wijth. pbservation, which may be arrived 
at in the solution of any particular question. 

401. The object of the present division of this work is to deal with the 
first and second of these approximations. ■ In it we shall suppose all 
solids either rigid, i.e. unchangeable in form and volume, or elastic; 
but in the latter case, we shall assume the law, connecting a com- 
pression or a distortion with the force which causes it, to have a 
particular form deduced from experiment. And we shall also leave 
out of consideration the thermal or electric effects which compression 
or distortion generally produce. We shall also suppose fluids, whether 
liquids or gases, to be either incompressible or compressible ac- 
cording to certain known laws; and we shall omit considerations 
of fluid friction, although we admit the consideration of friction 
between solids. Fluids will therefore be supposed perfect, i.e. such 
that any particle may be moved amongst the others by the slightest 
force. 

402. When we come to Properties of Matter and the Physical 
Forces, we shall give in detail, as far as they are yet known, the: 
modifications which farther approximations have introduced into the) 
previous results. 

403. The laws of friction between solids were very ably investir 
gated by Coulomb; and, as we shall require them in the succeeding' 
chapters, we give a brief summary of them here; reserving the more^ 
careful scrutiny of experimental results to our chapter on Properties 
of Matter.- 

404. To produce sliding of one solid body on another, the sur- 
faces in contact being plane, requires a. tangential force whichi 
depends, — (i) upon the nature of the bodies; ( 2 ) upon their polish, 
or the species and quantity of lubricant which may have been applied; 
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(3) upon the normal pressure between them, to which it is in general 
directly proportional; (4) upon the length of time during whidi they 
have been suffered to remain in contact. 

It does not (except in extreme cases where scratching or abrasion 
takes place) depend sensibly upon the area of the surfaces in contact 
This, which is called Statical Friction, is thus capable of opposing a 
tangential resistance to motion which maybe of any requisite amount 
up to fu?; where R is the whole normal pressure between the bodies; 
and /A (which depends mainly upon the nature of the surfaces in 
contact) is the co-efficient of Statical Friction. This co-efficient varies 
greatly with the circumstances, being in some cases as low as o‘o3, in 
others as high as o-8o. Later we shall give a table of its values. 
Where the applied forces are insufficient to produce motion, .the 
whole amount of statical friction is not called into play; its amount 
then just reaches what is sufficient to equilibrate the other forces, and 
its direction is the opposite of that in which their resultant tends to 
produce motion. When the statical friction has been overcome, and 
sliding is produced, experiment shows that a force of friction con- 
tinues to act, opposing the motion, sensibly proportional to the 
normal pressure, and independent of the velocity. But for the same 
two bodies the co-efficient of Kinetic Friction is less than that of Sta- 
tical Friction, and is approximately the same whatever be the rate of 
motion. 

405. When among the forces acting in any case of equilibrium, 
there are frictions of solids on solids, the circumstances would not 
be altered by doing away with all friction, and replacing its forces by 
forces of mutual action supposed to remain unchanged by any in- 
finitely small relative motions of the parts between which they act. 
By this artifice all such cases may be brought under the general 
principle of Lagrange (§ 254). 

406. In the following chapters on Abstract Dynamics we will 
confine ourselves chiefly to such portions of this extensive subject 
as are likely to be useful to us in the rest of the work. 





CHAPTER- VI. 


STATICS OF A PARTICLE.-ATTRACTION. 


407 . We naturally divide Statics into two parts — the equilibt 
of a Particle, and that of a rigid or elastic Body or System of Part 
whether solid or fluid. The second law of motion suffices for 
part— for the other, the third, and its consequences pointed ou 
Newton, are necessary. In the succeeding sections we shall disj 
of the first of these parts, and the rest of this chapter will be dev( 
to a digression on the important subject of Attraction. 

408 . By§ 221, forces acting at the same point, or on the sj 
material particle, are to be compounded by the same laws as v 
cities. Therefore the sum of their resolved parts in any direc 
must vanish if there is equilibrium ; whence the necessary and s 
dent conditions, 

They follow also directly from Newton’s statement with regan 
work, if we suppose the particle to have any velocity, constan 
direction and magnitude (and §211, this is the most general 1 
position we can make, since absolute rest has for us no meanv 
For the work done in any time is the product of the displacen 
during that.-tirae into the algebraic sum of the effective corapom 
of the applied forces, and there is no change of kinetic ene 
Hence this sura must vanish for ez/ery direction. Practically, as 
displacement may be resolved into three, in any three directions 
coplanar, the vanishing of the work for any one such set of tl 
suffices for the criterion. But, in general, it is convenient to assi 
them in directions at right angles to each other. 

Hence, for the equilibrium of a material particle, it is necessary, 
sufficient, that the (algebraic) sums of the applied forces, resolve< 
any one set of three rectangular directions, should vanish. 

409 . We proceed to give a detailed exposition of the res 
which follow from the first clause of § 408. For three forces onl} 
have the following statement. 

The resultant of two forces, acting on a material point, is re 
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sented in direction and magnitude by the diagonal, thr-ough that 
point, of the parallelogram described upon lines representing the 
forces. 


410. Parallelogram of forces stated symmetrically as to the three 
forces concerned^ usually called the Triangle of Forces. If the lines 
representing three forces acting on a material point be equal and 
parallel to the sides of a triangle, and in directions similar to those 
of the three sides when taken in order round the triangle, the three 
forces are in equilibrium. 


Let GEF be a. triangle, and 
let MA^ MEy JtIC, be respectively 
equal and parallel to the three 
sides £F, FG, GE of this trian- 
gle, and in directions similar to 
the consecutive directions of 
these sides in order. The point 
.^is in equilibrium. 



B, 



411. \True Triangle of Forces. Let three forces act in consecu- 
tive directions round a triangle, DEF, and be 
repr^ented respectively by its sides : they are S' Af' 

not in equilibrium, but are equivalent to a 
couple. To prove this, through E draw EH, 
equal and parallel to EF, and in it introduce 
a pair of balancing forces, each equal to EF. ' 

Of the five forces, three, EE, EH and FE, I gy 

are in equilibrium, and may be removed; 

^d there are then left two forces, EF and HE, equal, parallel, and 
in dissimilar directions, which constitute a couple.] 


412. To find the resultant of any number of forces in lines through 
one point, not necessarily in one plane— 

Let MAy , MA^, MA^, MA^ repre- h" 

sent four forces acting on M, in one 

plane; required their resultant. / \ 

Find by the parallelogram of forces, / \ 

the resultant of two of the forces, MA, A./i\ / \ 

and MA^. It will be represented by V \ 

ME’. Then similarly, find ME', the \ j / 

resultant of ME' (the first subsidiary I \ \ u / 

resultant), and MA^, the third force. / / 

Lastly, find ME", the resultant of / 


ME' and MA_^. ME" represents the . 
resultant of the given forces. ‘“•s 


Thus, by successive ar^’ications of the fundamental proposition, 
the resultant of any numb.;r of forces in lines through one point can 
be found. 


413* In executing this construction, it is not necessary to describe 
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ponents of a force are to be found 
determinate ; the latter is quite ind 
stated for each problem- A system 
eifect; but an infinite number of 
shall produce the same effect as oh( 
of finding components tnust be, in S( 
may be done by giving the lines ah 
act. To find the components of £ 
directions, is, in general, as we sb 
problem. 

Finding resultants is called Comf 

Finding (components is called Re; 

419 . CompQsiiion of Forces. 

Required in position and magni 
forces acting in giving lines on a ma 

Let . MAy MB represent two £ 
P and Qjy acting on a material poi; 
Lqt the angle BMA be denoted 
Required the magnitude of the rest 
and its inclination to the line of 
force. 

Let R denote the magnitude of 
angle DMA, at which its line MD 
first force and let /? denote the a 
to MBy the direction of the force Q 

Given 1\ Q, and i: required R, £ 
We have 

MI)^^M‘A‘ + MB\-2. 
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angles, a, j8, might be either acute 
both obtuse, the smaller of the twc 
therefore, we take the formula for' s 
force R, or the force Q, is the greats 
and have merely to take the value ' 
sines. And by subtracting the va! 
value of t, we find the value, whethe 
the two angles, ‘a, /J. 

421. To determine a and /3 othe 
resultant has been found, we know 
of the triangle DMA^ then we have 

^ . M£> 

icos DMA 

or cosa= — - 

2 

and similarly, cos = 

by successive applications, of the el 
used above for finding MT>. Aga 
mula for or i?* in the numera 

R + 

we have cos a 

COSp=^ — 

formulae which are convenient in 
biguity in the determination of eit 
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Faxid G will be both positive if i 
given forces, F and Q, we may su] 
four forces; — two, each equal to 
the same directions; 3f/L\ MZ, r 
forces, and two ..others,, each eqr 
wliich one acts in the same direct 
jP„ and the other in HZ', the direct 
to <2* Now the resultant of tin 
forces, F, bisects the angle bet 
FMZ}, and by the investigatio 
below, its' magnitude is found to I 
Again, the resultant of the two < 
Gy is similarly seen to bisect the a: 
between the line of the given fo 
the continuation through M of th< 
be equal to 2 G sin 4 i, since the ai 
Thus, instead of the two given for( 
at the angle «, which may be eit] 
angle, we have two forces, 2 /''cos 
3fS, MTy which bisect the angle: 
are at right angles to one another 
we find the resultant* of these twi 
formulae : — 

t^nSMD-^ 

and R s/'cos 

or tan(Ji--a)“" 
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which agrees* with what we see intui 
424. Ca^ II, Let Q j ajac 
i cos |^i=cos6o° = |, 

The resultant, therefore, of two 
of 120 ° is equal to each of them. ‘ 
it can be obtained very simply, 
investigation. A consideration of 1 
will show that if three equal fore 
material point in lines dividing the 
angles, they must be in equilibrium 
the preceding conclusioh. 

'425. Case III, Let)i = o°j co 
then i? = (/»+<2 


426. Casern Lett?=i8o°; . 
then M = {I^ + Q 

This is also one of the cases in w 
times the negative sign, sometimes 
the resultant force': for if <2begreate 
will be negative, and the interprete 
that the "force which vanishes when 
when P is the greater, and in the o 
when P is .the less' of the two forces 
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This shows that the errors in i 
proximately by this method comp 
as the other is below, the true vah 
We therefore conclude that th( 
•conspiring is approximately equa 
divides the angle between them ir 
When the angle between the 
either conspire in acting bn one 
on different points in parallel lin 
precisely equal to their sum. A 
already considered; parallel force: 
when we treat of the equilibriuh 
examine the case here however, 
cation of the forces to be A 
and F, but let their lines 
meet in a point M‘, join 
AB, and let MAB be an •“' 
isosceles triangle. Let this 
point Af be removed grad- 
ually to. an infinite distance in th 
bisecting the line AB. The re: 
versely as the forces : and as the 
arc described from Af as cerjtre c 
will be divided in the same pn 
distant, that is if the lines of the 1 
a straight line, and will be divide 
In actual cases of forces acti 
spiring, the following approxima 
resultant approaches the sum of t 


34S 
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«s=ir-5,.where0 


cos J t = sii 
i?= aPsin 


and since the sine oi a very small ; 
circular measure Rt^PL 

Hence the resultant of two equal 
proportional to the defalcation from 
proximately equal to either of the fo: 
ment of the angle between them'. 

2^ If the- forces are neither equa 
will be approximately equal to their d 
We have as before. 


Therefore 


R^P- 


Q(^ 


The ambiguity as to whether the 
or its supplement, is to be chosen in < 
considering which of the two forces is 
Thus, as we suppose P to be great( 


STATICS OF A PARTICLE 


first equal to, and'then greater than P, the 
The angle d tvill increase very slowly, a 
formula ( lo), until Q becomes nearly equ 
of Q is increased until it becomes greater 
increase very rapidly through nearly twi 
but little short of t, when its supplemei 
pressed by the formula (lo). 

In this transition, from. to 
tude of the resultant are most convenient 
the last of the three general methods giv< 
resultant of two forces. 

Thus, instead of the two given fore 
forces in lines bisecting respectively thi 
and the acute 'angle KME and of maj 
to !(/’+ 0 P-Q. respect: 

xigh*t angles. 

We infer, finally, that, however nearh 
another, the approximate formulae of § . 
J (P+ 0(ir~ <•) is a small fraction of jP- 

429. Case VII Leit= 9 o^ cosi = 
then. 

and sin a a ^ 

sm ^ 

In this case, /3 being the complemerft of 
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’fonnulae’(^ 4 i 9 r 42 o, 42 ?) to rc 
But this process would be very 
were numerous, and their raaj 
and we shall see that it may 
along two lines at right angle 
as equivalent to them, two fon 

We shall first consider the g 
resolution of forces. 

431. If a force acting on' 
plane with the line of that fore 
minately two forces along thos< 
resultant. 

The two forces thus detenx 
given force along the given line 
for the- given force, we are sa 
forces along the given lines; o 
lines. 


432. Geometrical Solution, 



•also through D draw BB para 
MA and MB represent the rec 
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right-angled triangle AfAD,' MA =:j 
sin DAfA. 

Hence, since AfA represents the a 
the component along AfV, 

F— F cos a, 

Q ==. F sin a, or (2 = 

Hence, in rectangular resolution, i 
of a given force, is equal to the prodi 
given force, into the cosine of the an 
dined to that line. 

435. Application of the Rcsolutk 
number of forces /^j, P,, 
acting respectively in lines il/Z,, 
AIL^, AfC^, AfL^, A/L^y on a ma- 
terial point Af\ required- their re- 
sultant. 

Through Af draw at right angles 
to each other, and in the same plane 
as the given forces, two lines, XX' 
and VV'y wiiich may be called lines 
or axes of resolution. Let the angle 
which the resultant forms with the 
line of resolution AfXy be denoted 
by (9, and let the angles, which the 
lines of the forces make respectively 
with the lines of resolution, be denote 
thatis, Z,ArA’'=a , and 

TV, A finrth'c R R Rri' f>ri» Tr(A'rr‘1'\r 


or, as'is'ingenefal better for. calculation,'' 

tan ^ (^3) 

whence we derive the magnitude of the resultant, 

Ji=XsQc 6 . (24) 

The calculation will in general be facilitated by the use of log- 
arithms; for which purpose equations (23) and (24) are to be modified 
in the following manner : — 

tab. log. tan 6 = log. Y— log. -X'+ 10, (25) ■ 

log. X = log. X + tab. log. sec. 6 - 10. (26) 


Remark i. — It is to be observed that the sums X of the different 
components X^, &c., and Kof V,, Y„ &c., are got by an algebraic 
addition, whatever may be the algebraic signs of the several terms.' 
If the given forces act all round the point M, it will happen in the 
resolution that the different components do not all act in the same 
directions along JOT' and YY'. It will be necessary, therefore, to- 
fix upon one direction as positive. Thus, if MX and MY he posi- 
tive directions, MX', MY' ,'n\\\ be negative; and absolute values of 
the components, which act from M to X', and from Af to Y', 
must be subtracted from, instead of added to, those along MX 
and MY 

Remark 2. — In choosing the axes of resolution, it simplifies the , 
problem to fix on one of the lines which represent' the forces, as one ' 
of the axes, and a line perpendicular to it, as the other. ' 

Let ML^, the line of the first force be the axis MX, a.nd MY, 
a line perpendicular to it, the other, 

in this case is nothing; and the angle MP, = a^. 

Hence, if a, = 0, the resolution of the first force is 
p ~ cos Oj = P„ 

‘ \ F, = sin oq = o, 
that is, P, requires no resolution. 

If two of the forces happen to be at right angles, it will be con- 
•venient to choose the axes along them, and then neither requires 
resolution. 

Actual cases may often be simplified by observing if any two of the 
^forces are opposite, in which case, one force, equal to the excess of 
the greater above the less, and acting in the- direction of the greater, 
may be taken instead of them. 

Remark 3. — ^When the direction of the resultant is known, and its 
magnitude is required, it is most convenient to make it one of the 
axes of resolution: 
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be the "direction' of the 
re'sultant of P3, P^, the dif- 

ferent forces. Resolve each force 
into two, one along MK, and one 
in a line perpendicular to it. Add 
the components along MK. The 
sum must be the magnitude of the 
resultant; and the components along 
the other line must balance one an- 
other. Hence, 

= R=^Py_ cos A P^ cos a, MK^ Sic., 
and Pi sin A^ MK + P, sin AfAT + &c. = a 

Remark 4, — Equations (23) and (24) maFbe employed with ad- 
vantage in all cases where the numbers of significant figures in the 
values to be used for X and Y are large. 

By equations (23) and (24) the direction of the resultant is first 
determined, and then its magnitude, not as in equations (21) and (22), 
the magnitude first, and then the direction. 

436 . For the better understanding of -vvhat follows a’ slight digres- 
sion (§§ 437, 464) upon projections and geometrical co-ordinates is 
now inserted. 

437 . The projection of a point on a straight line, is the point in 
which the latter is cut by a perpendicular to it from the former. 

438 . Any line, joining two points, is called an arc, _ It is not 
.necessary to confine this expression to its most usual signification of 
a continuous curve line. It may be applied to a straight line joining 
two points, as an extreme case; or it may be applied to a zigzag or 
angular path from one point to the other; or to a self-cutting path, 
whether curved or polygonal; in short, to any track whatever, from 
one point to the’ other. ^ 

439 . The projection of an arc on a straight line, is the portion of 
the latter intercepted .between the projections of the extremities of the 
former. 

440 . If we imagine an arc divided into any nuinber of parts, the 
projections of these parts, taken consecutively on any straight line, 
make up consecutively .the projection of the whole. Hence, the stim 
of the projections of the parts is equal to the projection of the whole. 
But in this statement, it must be understood that, of such partial 
projections laid down in order, those which are drawn in one di- 
rection, or fomuards, being reckoned as positive, those which are 
drawn in the other direction, or backwards, must be reckoned as 
negative. 

441 . The pi;oj‘ection of an arc on any straight line, is equal to the 
length of the straight line joining the extremities of the former, mul- 
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>ti plied by' tHe cosine of the angle’ at which it is inclineS to the latter. 
This angle, if not a right angle, will be acute or obtuse,^ according to 
the convention which is understood as to the direction reckoned 
positive vci the line of projection ; and the extremity of the arc which 
js taken first in drawing a positive line from one extremity of it to the 
other. 

'442. The orthogonal projection of a line, straight or curved, 
closed or not closed, on a plane, is the locus of the points in which, 
the latter is cut by perpendiculars to it from all points of the former. 

Other kinds of projections are also used in geometry; but when no 
other designation is applied or understood, the_simple terra projectmi 
will always .mean orthogonal projection. 

4437“ A circuit is a line returning into itself, or a line virithout ends 
in a finite Space. It is (if a continuous curve) often called a closed 
(Curve; or if made up altogether of rectilinear parts, a closed polygon. 
A circuit in one plane may be either simple or self-cutting- The latter 
variety has been called by De Morgan, autotomic. But whether simple 
or autotomic, there is just one definite course to go round a circuit; 
and *at double or multiple points, this course must be distinctly 
■ indicated* (arrow-heads being generally used for the purpose on 
a’diagram, like“the finger-posts where two or more roads cross). A 
circuit not confined to one plane need never be considered to be 
•autotomic, unless as an extreme case. Thus, if we take any thread or 
wire, however fine, and bend it into any curve or broken line, or tie it 
into the most complicated knot or succession of knots, but attach its 
ends together; 'any geometrical line drawn altogether within it, from 
any one point of it, round througli its length back to the same point, 
constitutes essentially a simple or not. self-cutting circuit. 

444. ‘The area enclosed by,’ or ‘the area of’ a simple plane 
circuit, is an expression which requires no explanation. But, as has 
been shown by De Morgan®, a peculiar rule of interpretation is 
necessary to apply the same expression to an autotomic plane circuit, 
and it has no application, hitherto defined, to a circuit not confined to 
one plane. 

445. The area of an autotomic plane circuit, is the sum of the 
areas of alLits parts each multiplied by zero with unity as many times 
added as the circuit is crossed^ from right to left, and unity as many 

^ The angle at which one line is incited to another, is the angle between two 
lines drawn parallel to them from any point, in directions similar to the directions 
in the given lines which are reckoned positive. ■■ 

* ‘ A curve which has double or multiple points, may be in many different 
ways a circuit, or mode of proceeding from one point to the same again. Thus the 
^gure of 8 may be traced as a selj-cutting circuit, in the way in which it is natural 
if the curve be a continuous letnmscate, or it may be traced as a circuit presenting 
two coincident salient points. A determinate area requires a determinatcapode of 
making the circuit.’ De Morgan, Cambridge and Dublin Matkematual youmal, ' 
May, 1850. 

® ‘ Extension of the word area,’ Cambridge and Dublin Mathematical Journal, 
May, 1850. 

^ A moving point is said to cross a plane circuit from right to left, if it crosses 
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‘times subtracted as the circuit is .crossed from left to right, '"when a) 
point is carried in the plane from the outside to any position within 
the enclosed area ih question. The diagram, which is that given by De 
Morgan, will show more clearly what is meant by this use of the word 
area. The reader, with this as a model, may exercise himself by 
drawing autotomic circuits and numbering the different portions of 
the enclosed area according to the rule, which he will then find no 
difficulty in understanding. 



446. Any portion of surface, edged or bounded 'by a circuit, is 
called a shell. 

A plane area may' be ■ regarded as an extreme case,' but generally 
the surface of a shell will be supposed to be curved. 

A simple shell is a shell of which the surface is single throughout. 
One side of the shell must always be distinguished from the other, 
whatever maybe the convolutions of its surface. Thus we shall have 
a marked and unmarked side, or an outside and an inside, to dis- 
tinguish from one another. 

447. The projection of a shell on any plane, iSi the area included 
in the projection of its bounding line. 

448. If we imagine a shell divided into any number of parts, the 
projections of these parts on any plane make up the projection of the 
whole. But in this statement it must be understood that the areas of 
partial projections are to be reckoned as positive only if the marked 
side, or, as we shall call it, the outside, of -the projected area, and a 
marked side, which we shall call the front, of the plane of' projection,' 
face tlie same way. 

If the outside of any portion of the projected area faces on the 
whole backwards, relatively to the front of the plane of projection, the 
projection of this portion is to be reckoned as negative in the sum. 

tfom the right side to the left side as regarded by a jimon looking from any “point 
biihe circuit in the direction reckoned positive. 
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Of course if the projected surface, or nny part of it, be a p\ane ar( 
at right angles to the plane of projection, the projection van%hes. 

Cor. The projections of any two shells having a common edge, c 
any plane, arc equal. The projection of a closed surface (or a she 
with evanescent edge), on any plane, is nothing. 

449 . Equal areas in one ]>Iane or in parallel planes, have cqu; 
projections on any plane, whatever in.ay be their figures. [I'he proi 
is easily found.] 

Hence the projection of any idanc figure, or of any shell, edged h 
a plane figure, on another plane, is equal to its area, inuUiplied by tl 
cosine of the angle at which its plane is inclined to the plane of pn 
jection. This angle i.s acute or olituse, accotdingas the marked siiK 
of t;hc projected area, and of the plane of jirojecUon face, on the whof 
towards the same parts, or on the whole opjiositely. 

450 . Two rectangles, with a common edge, Imt not in one plam 
have their projection on any other plane, equal to that of om* rt'c 
angle, having their two remote sides for one jtair of its oppoi.ite siile 
For, the sides of this last-mentioned rectangle constitute the etige t 
a sheli, which wc may make by applying two equal anti paralh 
triangular areas to* tlio side.s of the given rectangles^ and the .sum c 
the projections of these two trianglc.s on any plane, at I'ording to ih 
rule of g 4.18, is nothing. 

Hence (as is shown by a very simple geometrical {troof, which i 
left as an exercise to the student), wc have the following constnu tio 
to find a single jilane area whose pmjection on any plane is ctpial I 
the sum of the projoelions of any twt> given pl.ine areas. 

From any convenient jHiint of referenct* dr.iw straight lines pe 
pendicular to the two given plane areas yiv/c./r*/, rel.uively tt» the 
marked sides considered as fronts. Make these hues muucfic all 
equal to the two areas rcsjiectively. On these dcst^ihe a p.ualle 
ogram, and draw the diagonal of this parallelogram through the ptnr 
of reference. Place an area with one .side marked as iruiu, in an 
position perpendicular to this diagonal, facing furwartls, atul relativel 
to the direction in which it i.s dr.awn from the point of referenci 
Make this area equal numerii'ally to the diagonal, its jitojection o 
any plane will be equal to the sum of the projections of the two give 
areas, on the same jdanc. 

The same construction maybe continued; just as, in § 4x3, th 
geometrical constriu-tion to find the rc.sult.ant of any number ( 
forces; and thus we find a single plane area whose projection on an 
plane is equal to the sum of theprojertioms on the same plane of an 
given plane areas. And as any shell may (if it be not composed of 
finite) be regarded as composed of an infinite number of plane area; 
the same con.struction is applic.able to a shell. Hence the projectio 
of a shell on nny plane is equal to the projection on the satne plant 
of a certain plane area, determined by the preceding construction. 
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any plane perpendicular to the one plane on which its. projection 
is greater than on any other; and that the projection on any inter- 
mediate plane is equal to the greatest projection multiplied by the 
cosine of the inclination of the plane Of the supposed projection to 
the plane of greatest projection. 

451. To specify a point Is to state precisely its position. As we? 
have no conception of position, except in so far as it is relative, thq 
specification of a point requires definite objects of reference, that is, 
objects to which it may be referred. The means employed for this 
purpose are certain elements called co-ordinates, from the system of 
specification whjeh Descartes first introduced into mathematics. This 
system seems to have originated in the following method, for de- 
scribing a curve by a table of numbers, or by an equation. 

452. Given a plane curve, a fixed line in its plane, and a fixed 
point in this line, choose as many points in the curve as arc required 
to indicate sufficiently its form: draw perpendiculars from them to 
the fixed line, and measure the distances along it, cut off by these 
lines, reckoning from the fixed point. In this way any number of 
points in the curve were specified. The parts thus cut off along the 
fixed line, were termed lineae abscissae, and the perpendiculars, lincae 
ordinaihn applicatae. The system was afterwards improved by draw- 
ing through the point of reference a line at right angles to the first, 
and measuring off along it the ordinates of the curve. The two lines 
at right angles to one another are called the axes of reference, or the 
lines of reference. The ordinate and absci.ssa of any point arc termed 
its co-ordinates; and an equation between them, by which either may 
be calculated when the other is given, expresses the curve in a per- 
fectly full and precise manner. 


453. It is not necessary that the lines of reference be chosen at 
right angles to each other. But when they arc chosen, inclined at 
any other angle than a right angle, the co-ordinates of the point 
specified are not its perpsodicular distances from them, but its 
distances from either, measured parallel to the other. Such oblique 
co-ordinates .arc sometimes convenient, but rectangular co-ordinates 
are, in general, the most useful; these we shall now consider. 


454. If the points to be specified are all in 
of reference are two lines at right angles to 
one another in that plane. Thus, let P 
be a point in a plane XOY) and jet OX., 
be two lines in the plane, cutting each 
other at right angles in the point O. Then 
will the position of the point P be known, 
if the perpendicular distance of the point 
P from the line OX, namely, the length 
of the line PA, and the perpendicular dis- 
tance from 0 Y, namely, the length of the 
line PB, be known. 


one plane, the objects 
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‘155. let pnint':, not nil in ono 

jtl.uir, l<ut m any iui%itiu!is thronj,'l\ sjt.in; 
In* 1 1 uvnilcii'il. 'Fd .sju'i ify c.u h {itiiiit tinw, 

tliK'f eu HI ilut.Ut'*; arc rciiuircd, and the 
(ihji'if. ul tfli-rctiie clntNcn lu.iy be throe 
plines at rtejit ani'li"; to tine ain ithcr; ihiis, 
the jmiiit /■ i,. .*.[)c< iticd by the lines I'K^ 
J'il, yV, di.iwn jieriu iitht ular tt» the planes 
3'/, /".V, A'}*, l epis lively. 

In I'UJ '.l.UHl.nd di.ii'.ianis the positive 
diii itl 'U ; ( bV, tM', < >A, aie :,o t.iketi that 
if a. w.itt h is held iti the pi. me A’t M‘, v ith its l.iee tev.Mtils ( b'', .in 
anv.ul.n lumitin ./es.'-'V'' /.s.-v./r wmtld tatty a litie bom tbVtu t3 3' 
throni'.h the tiyjit atie.le .VtM'. 

.'150. When tht‘ obieets to be '.(its ifioil .ire lines all p.tssitp,' ihrmijijh 
fine jioint, the .siieeifyiii;; eleiiieiii . employed, ate ani^les st-inilitie, in 
detinite rehttion to them, .ind to the nbjei t : of ti*l'eti-tii e. There arc 
two thief modes itt width tins loml ef speeifii alimi is latiictl out : 
'ho polar atttl the .syttimetiit .d. 

457. /I’/ar JAvR'i/. i*'. Lines all in one pl.tne. In this < .ise the 
objei t of referenet; is any ft^etl title tiuoup.h their cojttmoti point of 
intciseidion, ami lyinj' in then' pi. mo. 

Let be l!n‘ i omtttoti poiltt of ititetseetiiin, 
fbV the h\i d ittte, anti (>/' the litie to bc 
f.pei ifieti. Then the position ol (Vwill lie 
kii'iv.ij, it' the aii/.le A t '7', uhitlt the lilic <3/* 
mtuvn. 


(')■ 


-A' 


makes with t KV, hi 

Lines in spat e, .ill p.t .' in.: thi 
by lel'etftiee tti .i pi. mi- ,uid a bite : 
('(innmitt point ol intcf t t n.-tt. 

Let ( >/' be 


; dt one p imt, tn.iy be spet ilieil 
It, 1 > sit I .1 . .lite, ihton,,h their 






me of a nnntber ol lines, a.ll 
[i.tvati,* ihtoUi'Jl (k to be spet itied With lelef- 
i‘iii e tt) the pLine A'AY, ami the line c >A' in it, 
'rittotieh O/' U l .1 plane be iltmvn, < iitiin,: the 
pi. me A'f^r at js.'bi atedes tn Then the 

Ime ()/' uill be r.jiet thtsf, i( the alif'le;, A'()R, 
\ /A .Ue i.oen, 

\ ' .simt! itly, if tin* line f l/* be tint 

lotus ol a St 111”. (it pMinis, any latc of the i; 
pttim* will be i.pei. ifu'd, if its tltstain e bom 0 
anti (he two ;ui^i,!e'. ;.pn ilyitif^ (ho line 0 /\ arc 
known. 

458. SYmmein'mi MAhthi. In this method tltc objects of reference 
are thiee lines at right anglc.s to cas h other, through the cornmem 
puitti of inicrseetion of the lines to lie specified, and the iiperilying 
elcineiits’are the three angles which each line makes with these three 
hues of rereiem e. 

'rims, if O he the cunttnotr point of imeri.cctiun, OK one of the 


\ 

. 1 ^ 



STATICS OF A PARTICLE.— ATTRACTION., 159 

lines to be specified, and OX., OV^ OZ, the lines of reference; theri 
the angles XOIC, YOK, ZOK^ are the specifying elements..; 

459. From what has now been said, it will be seen that the"^ pro- 
jections of a given line on other three at right angles to each other 
are immediately expressible, if its direction is specified by either of 
the two methods. 

1 °. Polar Method. Let OK be the given line, 
and OX, OY, OZ, the lines along which it is to be 
projected. Through OZ and OK let a plane pass, 
cutting the plane XOY in OE. Through K draw 
another plane, KB A, cutting OX perpendicularly in 
A and KEB cutting ON, perpendicularly in B. 

Then KE, being the intersection of two planes' 
each perpendicular to XOY, is' perpendicular to 
every line in this plane. Hence, OEK is a right 
angle. 

Hence, 

OE= OK cos KOE. 

Again, since the plane KAE was drawn perpendicular to OX, 
OAE is a right angle. 

Hence,' 'OA = OE cos EOX= OK cos KOE cos EOX, 
and similarly, _OB = OE cos EO Y = OK cos KOE cos EO Y, 
or if we put 

XOE^^, EOK^$, KOZ^Q^\^^'i) 

'and let the required lines be denoted by jc, 2 , then 
x = rsm& cos 4>,] 

j; = r sin f? sin (r) 

z = r cos 6. I 

2 °. Symvietrica! Method. Let the line be referred to rectangular 
.axes by the three angles, a = KOX, jB = KO Y, y = KOZ. 

Then the required projections arc 

x^rcosa, y — rcQS !3f 2 = rcosy.' 

460. Referring again to the diagram, we have' 

OE^= OA’+OB% 
and ORZ=OE>+OC\ 

therefore, OK^ ^^ OA^ OB^ OC^f 

or' sr® = +y + 2 *. ( 2 ) 

'Substituting here for x, y, 2 , their values, in terms of r, a, p, y, 
found above, and dividing both members of the resulting equation by, 
r*, we have. 

' I = cos® a + cos® p + cos® y.^ ( 3 ) 

461 . In'the symmetrical method, three angles are used; but, as we 
have s^en, only two are necessary to fix the position of the line. We 
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t(^o 

now see’ tliat, if two'of the three ani'les; «, y,‘ are given, thelhird' 

can be found. Suppose a and given, then by § 400, 
cos’^ y = - I ~ cos® a - CoS® /^, 

For logarithmic- caleulation, the following nuKlifieation of the pre- 
ceding formula is useful, 

eos*y : ; sin’’ a - cos*/? -- ros x cos (d ~ /J), 

whence cos y r : c-os (.1 » /i) ;< cos (tt (l)\ 

\/{co‘; (rr “ <t -- /i) x < os (.t - /1)|, 

Tab. Log, cos y k {T. L. cos (rr - a - /») c T. L. cos (a — /i)}. (4) 

40 ?.. I’lic following <on)p.!n'Min will slunv i'l vvh.u w.iy the two 
syf.lcin'i ate irlaU-d, and how it is possibK' to detive the Sjiecifying 
eleiiu-uts iif cither fiout those of the other. In tlie polar nti-tliod,. the 
fixc-d line in llie etjU.itod.d pl.uic, eotiespouds with one of the tliree 
lines of refeienec* in tlu; synunetti-sd. A line in the cs pi.itotial plane, 
dr.uvn at liejil angji-s to the ti\cd line i>f the polar ■.ysicin, eoiistitutes 
a sec(»ndline of lelen lua- in the i.yniuK-tut .d •.ystein. 'i'he third line 
in the symmetrical systi-tu, is (lie a.\e; of the pol.ir system, from 
'whic h the pctlar distance (u) is measured. A comp.irison of pre-' 
ceding fuimulac shows that 

cos a . sin 0 co*;</',\ 

cos /i y.\i\ ih.mt}',} (s) 

co.s y cos 0 , 1 

463 . The cosines of the three angles, a, P, y, of the symmetrical 

system, are commonly r ailed the iiin-At.-n o’oecj of the line specified. 
If we cicnotc tiiem by 4 h.ivc .e. .ibove, 

A r /r/ t t, (6) 

A line thus specified is for btevity < .tiled Me /o.v {/, m, /;). 

If 4 w, //, ate the direr tion cosines of a ccitam hue, it is clear that 
— 4 ‘ M, ■ ■ //, are the direction cosines ol the hue in the opposite' 
<hret:tion Imm (A 'rims it appeals that the direction ct. sines of the' 
line, specify not only the sti.nglu lun- m whic.h tt lies, hut the ditextiun 
in it which it; reck<<ncd as positive. 

464 . We com hide- this di','!.- .sioii with some applii ati*ins of the 
prim iplcs ttxplamcd in it, which ate useful in in. my dyn.uniead in*-' 
vcstigatioiis. 

(</) To find the rmitu.il im hn-iti* in, (i, of tw..* lines', (4 wt, «), 
{/,///,//). Mcsisiue oil .luy i* n>‘th (MC c, along the lust line (.rce 
fig, of;i 451;). We h.ivr, as .dcove, 

OA ■ ■ /f\ A A ff^r, A A' nr. 

Now (f] 441), the piojection of OA" on tin- srennd line, is etju.'tl to 
the sum of the projec tions of A A, /•.'A", on the same. But the 
cosines of the angles at whir h tliesr several lengths are inclined to thu 
lint of prujcctioi), are respet tivcly cosW, /, m\ n‘. Hence 
OAC cos $ a OAf •¥ A /%m" 4. MJCn\ 
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If we substitute in this, for OK, OA, AE, EK, their values shown 
above, and dividerboth members by r, it becomes 

cos 0 = U'-¥ 7rim' + nn\ (7) 

a most important and useful formula. 

Sometimes it is useful to have the sine instead of the cosine of 0. 
To find it we have of course, 

sin® 6=1 — (//'.+ vtm* 

This expression may be modified thus: — instead of i, take what is 
equal to it, (/® + nP + 7p) (/* + + /r), 

and tlie second member of the preceding becomes 

(P + 771^ + //“) (/'® + W'® + tP) — (// + 17l77l' + 7m'Y 

= {7/171 Y + {/IVl'Y — 7.77177017/! + &C. = {//l/H — «/«')*+ &C. 

Hence, sin 6 = { ( w// - nm'Y + {nl - ///)® + {U/i - ( 8) 

{li) To find the direction cosines. A, \k, v, of the common perpen' 
dicular to two lines, (/, //i, 71 ), (/', /ii', n'). 

The cosine of the inclination of (X, (x, v) to (/, w, 7i) is, according 
to ( 7 ) above, i\^-77ijx + 7iy; and therefore 

/A + W /X w V = 0,1 

similarly A -»■ 771'ix -i- 7 i'v =■■ o.l (9) 

also (§ 463) A“ + /i® + v®= I.) 

These three equations suffice to determine the three' unknown 
quantities, A, fx, v. . Thus, from the first two of them, we have 

^ ^ /tqA 

77171 ' — 717/1* fil'—l/l' l/7l' — l'7/l' '• ^ 


From these and the third of ( 9 ), wc conclude 
. 771 /! — 7/771' 




{(///// — 7ii//'Y + (//f - ///')"' + {l/>! " ///HY^ 

or if wc denote, as above, by 0 , the mutual inclination of (/, 77/, 7/) 
(/', //'); 

. (mu' — 717//') {/iP - l/i') {!///' — 7/ir) , . 

r—- V = T—J, . (Il) 

sm sin sm 0 


The sign of each of these three expressions may be changed, in as 
.much as either sign maybe given to the numerical value found for 
sin 0 by ( 8 ). But as they ^tand, if sin 0 is taken positive, they express 
the direction cosines of the perpendicular drawn front O .through the 
face of a watch, held in the plane {/, ///, //), (/', ///', 7/'), and so facing 
that angular motion, a^^ainst 07' 7ti/(h (he //a//d.7, would carry a line 
from the direction, (/, 7/1, ;/), through an angle le.ss than 180 ** to the 
direction, (/',• m\ n% according as 'angular motion, through a right 
angle from OX to aga hist or with the ha/ids of a watch, held in 

V ul. liS — ti 
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the plahe'^A’< 9 !K~and facing towards OZ. This''rure~ is" proved t 
supposing, as a particular case, the lines (/, in, «), (/', in', ii'), ' 1 
coincide with OX and O Y respectively; and then supposing the; 
altered, in their mutual inclination to any other angle between- o an 
TT, and their plane turned to any position whatever. 

If we measure off . any lengths, OK=r, and OK' = > , along tl 
two lines, (/, in, ii) and (/, in', n'), and describe a parallelogra 
upon them, its area is equal to rr' sin 6 , since r' sin 0 is the length ^ 
the perpendicular from K' to OK. Hence, using the precedir 
expression (8^ for sin0, and taking 

Ir — x, inr=y, nr=z, 

// = x', ni'r' = y, liY = a', 

we conclude the following propositions. 

(c) The area of a parallelogram described upon Tines from tl' 
■origin of co-ordinates to points {x,y, z), (x',y,.z') is equal to 

'{ {y^ ~y^y + ~ + (^y ■" ^ • 

And, as X, /*, v, are ,the cosines of the angles at which the plane ^ 
this area is inclined to the planes of YZ, ZX, XY, respectively, i 
projections on these planes are 

yz'—y'Zf zx' — z'x, x/ — x'y. (r, 

The figures of these projections are parallelograms in the thn 
planes of reference; that in the plane YZ, for instance,, being' d 
■scribed on lines drawn from the origin to tire points (y, z) a»d (y', z 
It is easy to prove this (and, of course, the corresponding cxpressioi 
for the two other planes of reference,) by elementary gcometr 
Thus, it is easy to obtain a simple geometrical demonstration of tl 
equations (8) and (ii). It is sufficient here to suggest this inves; 
gation as an exercise to the student. It essentially and obvious 
includes the ru/e of signs, stated'above (§ 464 {a)). 

{d) The volume of a parallelepiped described on OK, OK, t)K 
three lines drawn from Q to three points 

y, y'r d), {x", y", z"), IS equal to 

x" {yz' —y'z) +y" (zx' - dx) -f d' (xf - x'y), ( i . 

an expression which is essentially positive, if OK, ON, OK", a 
arranged in order similarly to OX, OY, OZ (see § 455 above). Tl 
proof is left as an exercise.for the student. 

In modern algebra, this expression is called a dderminant, and 
•written thus : — 



4 Q 5 . To find the resultant of three forces acting on a matcri 
point in lines at right angles to one another. 
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1°. To find the magnitude of the resultant. 

Let the forces be given numerically, X, V, Z, 
and let them be represented respectively by 
the lines MA, AIB, MC at right angles to 
one another. 

First determine the resultant of X and Y 
in magnitude. If we denote it by X.', we 
have (§ 429) 

i?'=V(.r + 3^*). (i) 

This resultant, represented by MF, lies in the plane BMA ; 
and since the lines of the forces X and V are perpendicular to the 
line MC, the line ME must also be perpendicular to it; for, t/ a. litter 
be perpendicular to two other lines, it is perpendicular to every other line 
in their plane; hence X' acts perpendicularly to Z. 

Next, find . the resultant of R' and Z, the third force. If we denote 
it by R,, we have 

R==J{R'^ + Z^), 
and substituting for R'^ its value, we have 

R==J{X^-^Y^-^Z^). (2) 

2°. To find the direction of the.jesultant Dctefmine first the 
inclination of the subsidiary resultant R' to MA or MB, Let the 
angle EMA be denoted by ^ ; then we have . 

, X 
cos ^ ^ . 



Next, let y denote the angle at which the line ME is inclined to 
MC', that is, the angle CMD', we have 


cos y ~ 


?L 

R" 


( 3 ) 


Thus, by means of the two angles y and </>, the position of the line 
ME, and, consequently, that of the resultant is found. 


466 . In the numerical .solution of actual case.s, it will generally be 
found most convenient to calculate the tlirce elements in the following 
order: i®, 4 >, 2°, y, 3®, R. 

I®. To calculate the formula already given, may be taken 


2®.‘ To calculate y. 

But 

Hence 


. y- 

tan . 

(4) 

We have 



( 5 ) 

X=Xst:c^ 


^ X sec A 

tan y = — ^ • 

(6) 

= Zsec y. 

(7) 


To calculate R. 
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467 !; ^He~ahgles determined by these equationsl^ify^the linelDf 
the resultant, by what was called in previous sections (§§ 457, 459) 
the Polar Method. 

The symmetrical specification of the resultant is to be found thus : 
Let (in fig. of § 465) the angles at which the line of the resultant, 
MD, is inclined to those of the forces be respectively denoted by a,/?, 
and y. Then, as above (equation (3)), 


z 

cosy = ^. 

(8) 

By the same method we shall find 

X 

(9) 

cos a.~-jLy 
jK 

^ V 

and cos (3 . 

(ro) 


If, therefore, there are three forces at right angles to one another, 
the cosine of the inclination of their resultant to any one of - them is 
equal to this force divided by' the resultant 

This method requires that the magnitude of the resultant be known 
before its position is determined. 'For the latter purpose, any two of 
the angles, as was shown in Chapter 'V, are sufficient 

468 . We shall now consider the resolution of forces along three 
specified lines. The most important case of all is that in which the 
lines are at right angles to one another. 

Let the force R^ given to be resolved, be represented by MDf 
and let the angles which it forms with the lines of resolution be 
■given, either a, y, or y, Required the components W, F, Z. 

1°. Suppose a, fiy y are given, then we deduce 
from equati on ( 9) = i? cos o ; 

from equation (10) y=R cos / 3 ; 

and from equation (8) Z= R cos y. 

2°. Suppose the data are R, y, that is, the magnitude of the 
resultant, its inclination to one of the axes of resolution, and the 
inclination of the plane of the resultant and that axis to either of the 
other axes. 

To find the components X and F : resolve the force R in the 
vertical plane CMED into two rectangular components along MC 
and ME. Let the angle CMD be denoted by y. Then we have 
for the component along MCy 

F=i?cosy, l(ri) 

and for the component'along MEy 

ME^Rdmy. 

Next, resolve the component along ME in the horizontal plane- 
JBMAE, into two, one z.\oy\g the other along MB. Let. 
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the angle FMA be denoted by ^ Then we have for the com* 
ponent along MA, 

. JSf = cos ^ = y? sin y cos (12) 

and for the component along MB, 

F= sin-ysin (13) 

469 . We are now prepared to solve the general problem ;~Given, 
any number of forces acting on one point, in lines which lie in 
different planes, required theirijesultant in position and magni- 
tude. 

Through the point acted on, draw three lines or axes of resolution 
at right angles to one another. Resolve each force, by § 468, 1°, or 
by § 468, 2“, into three components, acting respectively along the 
three lines. When all the forces have been thus treated, add severally 
the sets of components: by this means, all the forces are reduced to 
three at right angles to one another. Find, by equation (2), their 
resultant: the single force thus obtained is the resultant of the given 
forces, which was to be found. 

Retnark . — All the remarks made with reference to the resolution 
and composition of forces along two axes (§ 435) apply, with the ne- 
cessary extension, to that of forces along three. 

■ 470 . We are now prepared to answer the question which forms 
the first general head of Statics; W/iat are the conditions of Equi- 
librium of a material point I The answer may be put in one or other 
of two forms. 

1°. If a set of forces acting on a material point be in equilibrium, 
any one of them must be equal and opposite to' the resultant of the 
others: or, 

2°. If a set of forces acting on a material point be in equilibrium, 
the resultant of the whole set must be equal to nothing. 

471 , Let us consider the first of these statements. 

Given, a set of forces, jP,, &c., in equilibrium : the force 

/*,, for example, is equal and opposite to the resultant of P^^ &c. ; 
or, the resultant of P^, P^, &c^ is — Omitting P„ find the 
resultant of the remaining forces by the general method; the com- 
ponents of this resultant will be 

P^ cos Cj + P, cos 4* &c. along JfJf, 

P^ cos /?3 + P^ cos ^3 + &c, along M Y. 
jPj cos Yg 4 - Pg cos 73 4- &c, along MZ. 

Now, if — P, be the resultant, the components of— P will be 
equivalent respectively to the components of tliis resultant, there- 
fore 
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■jiormal to the surface and the vertical at any point; the normal 
pressure on the surface is evidently W cos 6, where W is the weight 
of the particle; and the resolved part of the weight parallel to the 
surface, which must of course be balanced by the friction, is W sin 9. 
In the limiting position, when sliding is just about to commence, the 
greatest possible amount of statical friction is calfecb into play, and 
we have JV s\n 9=!}t.W cos 9, 

or tan 9 = ii. 

The value of 0 thus found i^ called the Afigk' of Repose, ZLndmsy 
be seen in nature in the case of sand-heaps, and slopes formed by 
debris from a disintegrating cliff (especially of a flat or laminated 
character), on which the lines of greatest slope are inclined to the 
horizon at an angle determined by this consideration. 

474. A most important case of the composition of forces acting 
at one point is furnished by the consideration of the attraction of a 
body of any form upon a material particle anywhere situated. Experi- 
ment has shown that the attraction exerted by any portion of matter 
upon another is not modified by the neighbourhood, or even by the 
interposition, of other matter; and thus the attraction of a body on a 
particle is the resultant of the several attractions exerted by its parts. 
To treatises on applied mathematics we must refer for the examina- 
tion of the consequences, often very curious, of various laws of 
attraction; but, dealing with Natural Philosophy, we confine our- 
selves to the law of gravitation, which, indeed, furnishes us with an 
ample supply of most interesting as well as useful results. 

475. This law, which (as a property of matter) will be carefully 
considered in the next Division of this Treatise, may be thus 
enunciated. 

Every particle of matter in the universe; attracts every other particle 
with a force, whose direction is that of the line joining the two, and 
■whose magnitude is directly as the product of their masses, and inversely 
as the square of their distance from each other. 

Experiment shows (as wall be seen further on) that the same law 
holds for electric and magnetic attractions ; and it is probable that it 
is the fundamental law of all natural actionj at least when the acting 
bodies are not in actual contact 

476. Eor the special applications, of Statical principles to which 
we proceed, it will be convenient to use a special unit of mass, or 
quantity of matter, and corresponding units for the measurement of 
electricity and magnetism. 

Thus if, in accordance with, the physical law enunciated m § 475 , 
we take as the expression for the forces exerted on each other by 
masses Jfand m, at distance D, the quantity 

Mm ^ 

i 

itja obvious that our'tt^if/Toi'ce is the mutual attraction of two units 
of mass placed at unit of distance from each other. 



477. It is convenient for many applications to spealc of ttie HihsUy 
of a distribution of matter, electricity, etc., along a line, over a sur- 
face, or through a volume. 

Here density of line is the quantity of matter per unit of length.' 

„ „ surface „ „ j', area. 

,j „ volume ■„ „ „ j-, volume. 

478. In applying the succeeding investigations to electricity or 
magnetism, it is only necessary to premise that Jif and m stand for 
quantities of free electricity or magnetism, whatever these may be, and 
that here the idea of mass as depending on inertia is not necessarily 

involved. The formula will, still represent the mutual action, if 

we take as unit of imaginary electric or magnetic matter^ such a quan- 
tity as exerts unit force on an equal quantity at unit (fiance. Here, 
however, one or both of M, m may be negative; and, as in these 
applications like kinds repel each other, the mutual action will be 
attraction or repulsion, according as its sign is negative or positive. 
.With these provisos, the following theory is applicable to any of the 
above-mentioned classes of forces. We commence with a few simple 
cases which can be completely treated by .meaps of elementary geo- 
metry. 


479. If the different points of a spherical Surface attract equally 
with forces varying inversely as the squares of the distances, ci particle 
placed within the surface Is not attracted in any directmi. 

Let HIKL be the spherical surface, and P the particle within it.' 
Let two lines HK, JL, intercepting very small arcs HI, KL, be 
drawn through P; then, on account of the 
similar triangles HPI, KPL, those arcs will 
be proportional to the distances HP, LP', 
and any small elements of the spherical sur- 
face at HI and KL, each bounded all round 
by straight lines passing through P [and very 
nearly coinciding with HK\ will be in the 
duplicate ratio of those lines. Hence the 
forces exercised by the matter of these ele- 
ments on the particle P are equal ; for they 
are as the quantities of matter directly, and the squares of the 
distances, inversely; and these two ratios compounded give that of 
equality. The attractions therefore, being equal and opposite, de- 
stroy one another: and a similar proof shows that all the attractions 
due to the whole spherical surface are destroyed by contrary attrac- 
tions. Hence the' particle P is not urged in any direction by these 
attractidns. 



480. The division of a spherical surface into infinitely small ele- 
ments, will frequently occur in the investigations which follow: and 
Newton’s method, described in the preceding demonstration, in which 
the division is effected in such a manner that all the parts may be 
taken together in pairs of opposite demerits with reference to an internal 
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point; besides other methods deduced from it, suitable to the spedal 
probkms to be Examined; will be repeatedly employed. The follow- 
ing digression (§§ 481, 486), in which some definitions and elemen- 
tary geometrical propositions regarding this subject are laid down, 
wfll simplify the subsequent demonstrations, both by enabling us, 
through the use of convenient terms, to avoid circumlocution, and 
by affording us convenient means of reference for elementary prin- 
ciples,. regarding which repeated explanations might otherwise be 
necessary. 

481. If a 'straight Tine which constantly passes through a fixed 
point be moved in any manner, it is said to ..describe, or generate, 
a conical surface of which the fixed point is the vertex. 

If the generating line be carried from a given position continuously 
through any series of positions, no two of which cpincide, till it is 
brought back to the first, the entire line on the two sides of the fixed 
point will generate a complete conical surface, consisting of two 
sheets, which are called vertical or opposite cones. Thus the elements 
iSf/and KL, described in Newton’s demonstration given above, may 
be considered as being cut from the spherical surface by two opposite 
cones having P for their common vertex. 

482. If any number of spheres be described from the vertex of a 
cone as centrej the segments cut from the concentric spherical sur- 
faces will be similar, and their areas will be as the squares of the 
radii. The quotient obtained by dividing the area^ of one of these 
segments by the square' of the radius of the spherical surface from 
which it is cut, is taken as the measure of the solid angle of the coik. 
The segments of the same spherical surfaces made by the opposite 
cone, are respectively equal and similar to the former. Hence the 
solid angles of two vertical or opposite cones are equal : either may 
be taken as the solid angle of the complete conical surface, of which 
the opposite cones are the two sheets. 

483. Since the area of a spherical surface is equal to the square of 
its radius multiplied by 47r, it follows that the sum of the solid angles 
of all the distinct cones which can be described with a given point aa. 
vertex, is equal to 4Tr. 

484. The solid angles of vertical or opposite cones being equal,, 
we may infer from what precedes that the sum of the solid anglea 
of all the complete conical surfaces which_ can be described with, 
out mutual intersection, with 2, given point as vertex, is equal 

to 27r. 

485. The solid angle subtended at a point by a superficial area ok 
any kind, is the solid angle of the cone geperated by a. straight line 
passing through the point, and carried entirely round the boundary 
of the area. 

486. A very small cone, that is, a cohe such that any ^two posi- 
tions of the generating line contain but a very small angle, is said to 
be cut at right angles, or orthogonally, by a spherical surface de- 



scribed fr6m its Vertex as centre, or by any ^rface, ^ethfer pfane 
curved, which touches the spherical surface at the part where the co 
is cut by it. 

A very small -cone' is said to be cut obliquely, when the section 
inclined at any finite angle to an orthogonal section ; and this an| 
of inclination is called the obliquity of the section: 

The area of an orthogonal section of a very small cone is equal 
the area of an oblique section in the same position, multiplied by t 
cosine of the obliquity. 

Hence the area of an oblique section' of a small cone is equal 
the quotient obtained by dividing the' product of the sqtiare of : 
distance from the vertex, into the solid angle, by the cosine of t 
obliquity. 


487. Let E denote the area of a very small element of a spheric 
surface at .the point E (that is to say, an element every part of whi 
is very near the point E), let u denote the solid angle subtended by 
at any point P, and let EE^ produced if necessary, meet the surfa 
again in jE'; -then a denoting the radius of the spherical surface, > 
have 

- ^a.i^.PE^ 


For, the obliqui'ty of the element .S, considered as a section of t 
cone of which jiP is the vertex and the eleme 
E a section (being the angle between t 
given spherical surface and another describ 
from E as centre, ' with EE as radius), 
equal to the angle be, tween the radii EE a 
EC, of the two spheres. ^ Hence, by cc 
sidering the isosceles triangle ECE, we'fi 
that the cosine of the obliquity is equal to 



\EE: ^ EE' 

■ or to , 
EC 2a 


and we arrive, at the preceding expression for E. 


488. The attradion of a uniform spherical surface on an extern 
point is the same as if the. whole ?nass were collected at the centre ^. .. 

Let E be the external point, C the centre of the sphere, and CA 
a straight line cutting the spherical surface .in A. Take / in C 
so that CP, CA, Cl may be continual propottionals, and let t 


^ This theorem, which is more comprehensive than that of Nevrton in his f 
proposition regarding attraction on an external point (Prop. X.XXI.),- is fully 
tabUshed as a corollary to a subsequent proposition (LXXIII. cor. 2 ). If we 1 
considered the proportion of the forces exerted upon two external points 
different distances, instead of, as in the -text, investigating th'e absolute force 
one point, and if besides we had taken together all the pairs of elements wh 
would constitute two narrow annular portions, of the surface, in planes perp 
dicularto/’C', the theorem and its demonistr'ition would have coincided precis 
with PropT LXXI. of the Prixidpia, 
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•whole spherical surface be di- 
vided into pairs of opposite ele~ 
nlcnis with reference to the point 
I 

Let H and H' denote the 
magnitudes of a pair of such 
elements, situated respectively 
at the extremities of a chord 
HH' ; and let <d denote the 
magnitude of the solid angle 
subtended by either of these elements at the point I, 

We have (§ 486), 

cos cur ^ cos CHT * 

Hence, if p denote the density of the surface, the attractions of the 
two elements H and H' on P are respectively 
o> JH* <0 

^ cos cM ' ^ cos CM' I ' PM'* ‘ 



Now the two triangles PCM, -STC/ have a common angle at C, arid,' 
since PC : CM :: CM : Cl, the sides about this angle are propor- 
tional, Hence the triangles are 'similar; sp that the angles CPH 
and CMI are equal, and 

IM CM a 
MP^CP°CP* 

In the same way it may be proved, by considering ihe ' triangles 
PCM, MCI, that the angles C/lST'and CVT'/are equal, and that 

IM cm: 

MP~' CP “ OP* 

Hence the expressions for the attractions of the elements PTand M 
on P become 

W rt* J 0> (P 

^COS cm' CP** ^ cos CMM 'CP* * 
which arc equal, since the triangle MCIP h isosceles; and, for the 
same reason, the angles CPM, CPH', which have been proved to 
be respectively equal to the angles CMI, CM' I, are equal. We 
infer that the resultant of the forces due to the two elements is in' 
the direction PC, andjs equal to, 

cP 

Zti>, p , 

To find the total force on P, we must "take"" the sum of all the 
forces along jPC due tp the pairs of opposite elements; and, since 
the multiplier of <0 is the same for each pair, we must add all the 
values of w, and we therefore obtain (§ 483), for the required re- 
sultan^ ■ 

4'rpcP 

~^Y* * 



JBSTJ^ACr DVMJMICM. 


Thr* numcratof of this expression 0>ein^ the produd of the density 
into thr arr.i <4 the sphrrical surhire) is equal to the mass of the 
enuir th.Uj'.r; and therefure the force on J* h the same as if the 
wlit.lr la.t*;-. wrrr ri*lk*rtcd at C. 

t '.'f. ‘riu- fvirt r on an external point, infinitely near the surface, 
if rqual ta 4 *p, and is in the direction of a normal at the point. 
'I'hr h'rre on an internal point, uowever near tlie surface, is, by 
a ptn rdinp. pioptedtion, equ.il to ntithing. 


4l}9. ' Ia'I if he the area e»f .an intinitcly small clement of the surface 



at atiy point J\ and at any other point B" of 
t!ir surhu c let a small element subtending ^ 
s<4id afij:U* w,_at J\ be taken. The area of 
this ekuicnt will be e<iual to 
w.rip 
cos 'C'j/P* 

jmd thrrrfore the attraction along IfP, which 
it eserts on tlic element a at will be etiuai 


to 


•pu, per 

col C7//*’ cos 



K«>w thr ti.ul afiwctitm on the dement at Pis in the direction CP; 
the « .•nq •uent m tins ducttiuti of the attraction due to the dement 
li, }*j 

w . p*<r ; 

ii!?.!, '.in. r ;d! she i . iir '. « »-rrr',piinding to thr diiTcrent dements of the 
-d ",•;}'!.»* r hr un thr tame i.idc of thr t.ingcnt pUuic at P, we 
«’.rd»‘ *q ihr fr-.u!s.int nstranion on the dctticnt </, 

1-fMSu thr ««4i4t.4fy |«» ihr prrtrdmg prupo-.iium, it Adkiw., that this 
half thr force whidi would In; cxcrterl'on uri external 
fmnttt. iHMAc-i'iing the %mw. quantity of matter as the dement o*, and 
|.Uir4 iiihriiirly «rAf the swrlare. 

410. In aomr of thr molt important rlfmentary prt>!)lcm’i of the 
llicf»fy t»f rkt If •iphftir.d *ii!rfaf'r** wish drufitica varying inversely 
ihr r«Wi of dr'44nr-c!i tt»m\ cxcrntric points wcur: and it i® of 
fowtkmrftui mq.Hiftame to tmd thr aurariion of «u<'h a sshdl on an 
insrfttsi Rf ritrrrul Ttm* mav be ttone tynthetically follows; 

ihr »nr-j:s.:4f!.in Iwmg. W'C shafi sre 1 k:1ow, virtually the Mttne 
m iImI of 41 M. oi 5 .iHH. 

4i'l. i.r| IS*. ik'*i rttinklcr'ihr in whit h the given poisit S atul 
line pi««i P mt w:|>afAlc'd by the spherical surl'.irc. _The 

Iwtt ligwfc* u^mmrn the vmrit« of this ca%c in which, the iKsiot ^V 
ihe sphere, P is within; and, S Mng within, the 
iiitiaiSc-4 w csicriwL I'hc tame <lcmoo»traiti£m_ w ajiidicable 
iiirially with frlrfruitc to thr two figurci; but, for avoiding the cour 
t'f ticgaiivc t|UMtieie», fame of the exprei«ioai_ may be 
cwvcftknily mtwhed to suit the Kcoad hgurc. In such iasunces 
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tile tW6 expressions are given in a double linejithe' tippef lieidg that’ 
■which is most convenient for the first figure, ar^d the lower for the 
second. 

Let die radius of the sphere be denoted by a, and let / be the 
distance of S from C, the centre of the sphere (not represented in 
the figures). 

Join SF and take T’in this line (or its continuation) so that 



Through T draw any line cutting the spherical surface at iST, 

Join -S'j?', SIC, and let the lines so drawn cut the spherical surface 
again in F, F. 

Let the whole spherical surface be divided into pairs of opposite 
elements with reference to the point 71 Let F and be a pair of 

such elements situated at the extremities of the chord JTJC, and 
subtending the solid angle <0 at the point T-, and let elements £ and 
£ be taken subtending at ^ the same, solid angles respectively as the 
elements K and K'. By this means we may divide the whole 
spherical surface into pairs of conjugate elements, is, jE',’ since it is 
easily seen that wlien we have taken every pair of elements, Jf, K\ 




the whole surface will have boon exhausted, without repetition, by the 
deduced elements, £,£f. I'Icncc the attraction on F will be the 
final resultant of the attractions of all the pairs of elements, E, £ 
Now if p be the surface density at E, and if i^ denote tlrO attraction 
of the clement E on P, we have 

EP^' 

According to the given law of density we shall have 

\ 

P= SE^^ 

where X is a constant Again, since ^isAT is equally, inclined to the 



is = 


2 a<s>.TK\ 


sjc' ^ "sk’‘' 

■ KK' 

and hence 





r SE^ 

saui.TK^ 



SE'SK^' 

' KK' 

sa 




FE'^SE 


TK' 


Ok 
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Now, by considcrinfj; the great circle in' which the sphere is cut by 
j)Iane through llio hue SK, wc find that 

(fig. i) SK.SE-^^r~a\ 

(fig. 2 ) KS. SE = < 1 ® ~ /“, 

and hence SK, SE » ST. S'T, frotn which wc infer that the triangl 
KS'J] I^SE arc similar; so that ^'A'. SK :: BE : SB. Hence 
7 A'® X 

SK\JIB “ SB* * 


and the cs[jrc;;‘»ion for A becomes 

^ AA" 'NA..V-P'“‘ 

^^udllimg this by preceding expressions we have 

Out (D 

KK'''lj^Z;f)SB*' 

3 a ca 

^iunila^!y, if B* ticnole the attraction of £* on B, we have 

3(1 fa> 


(fig. i) E-iX, 

(fig, 3) A*»X. 


,.SK, 

,,KS 


(Sid- 


(fig- 




KK''{/*^tiySB* 


SK 


r X- 


,,KS. 


K uw 
,l!U'h 


in the tri. 
s IKS, I / 
A 'sr. j's 


.lie 


7-:'. 


AA"’(a® --jySB 

wliii h have liren shown to lie similar, I 
equal; and the j^ifne maybe proved of I 
I lent e the two r.iilcs .SA", .VA" of the trian 
AAA" a."*' u»t lint'll to the third it the same angles as those belwt 
the ime I'S and ditei tton-. i'A" of the two forces on the po 
/* , and the Sides .VA', SA" are to otu; another as the I'oreefi, E, . 
in ihe dirrctime; /7t, /7d. It follow;;, by ' the triang.le of forci 
that the resultant of Aand S'* i;. ;dong /’.V, and that it hears to ( 
compoiunit forces the same rattt». as the side KK of the trian 
beaf', to tlie (ilhef two sides. Hence the resuU.uit force due to I 
two clement;. E and // on the pomi J\ is towards S, and is equal 

«r fot x-jt" X.aa.wf 

I 0 X /'“id liA t ■•'*/ ) ^ * 


^'AK'O'^BfSB * , AA , or 

The t.ital resultant force will consequently be towards 


and 


fmd. 


summation (J q66} fur its inagnuudc, 

X , 4^41 

Hcnte wc infer that the resultant force at any point B, aeparal 
from S by the spherical surface, ii. the fcainc as if a quantity 


X . 4 ml 
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492. To find the attraction when S and F are either both without 
or both within the spherical surface. 

Take in CS, or in CS produced through S, a point S^, such that 
CS, CS,”^a\ 

Then, by a well-known gcontetrical theorem, if F be any point on 
the spherical surface, we liave 


Hence we have 


SE^f 
S^F a * 

X Xa^ 
SF^ 




r.s,F' 

Hence, p being the electrical density at we have 
Xa» 

X, 

Hence, by the Investigation in tlie preceding section, the attractlSii 
on^ is towards 5,, and is the same as if a quantity of matter equal 

to — were concentrated at dial point : 


if 


X, 


^ -W'- 




.,.'1 


i.’ - 


L- : rJ 


a* - i 


'y 





/ being taken to denote CS^. If for 4 and X, we substitute their 

fl® Xrt* 

values, jF and , we have the modified expression 


\ ^ 

X -5 . 4Tra 


X 


T 


for the quantity of matter which we must conceive to be collected 

C 


at 


. 403. If a spherical surface be electrified in such a way tlrat the 
electrical density varies inversely as the cube of the distance from 
an internal point .S', or from the corresponding external point Si, it 
will attract any external point, as if its whole electricity were con- 


ABSmACT DYNAMICS.- 


276 

centratecl at S, and iiny Intem;il point, as if a quantity of electricif 
greater than its own in the ratio of a to / were concentrated at 

Let the di'nsity at £ be denoted, as before, l)y . Then, if xn^ 

consider two opposite elements at E and JET', which subtend a soli< 

angle w at the point S, the areas of these elements being 

axiti — , the quantity of electricity which they possess will 
EE 


h -'Y 

EE' \S/z 


t r \ 

;e S£y 


or 


SE.SE 


Now SE.SE' is constant (Euc. III. 35) and its value is a*-/*. 
Hence, by summation, we fuvd fur the total value of electricity 
the spherical surface 

A . 4-ffn: 

a'Y" ’ 

Hence, if this be denoted by m, the expressions in the preceding 
paragraphs, for the quantities of electricity which w'c must suppose to 
lie concentrated at. the point S or S\, accotdmg as i* is without oi 
within the spherical surface, become respectively 

M, and^ m. 


494 . The analytical solution, of such problcnw consists irx 
the expression, by ti 40S, of the three coinpuncius of the whole at- 
traction as the sums of it', separate parts due to the several jxirticles 
of the attracting hotly, the transformation, by the usual methods, of 
tliesd sums into definite miegrals; and the evaluation of the latter. 
'I'his is, in general, inferior im elegance and *tmplH ity to the less 
direct mode of solution depending uj>oa the dcictminatiun of the 
ptitcntial energy of the attracted imrtfde with reference to the forces 
exerted upon it by the attracting Imly, a mctluHl wh» h we shall 
presently develop with jiccaliar care, as it b of incalculable value ia 
tho theories of Klet'tridty and Magnetism as well as in that of 
Gravitation, But before we proceed to it, we give some instances of 
the tlirect method. 

^a) A useful case is that of the attraction of a circukr plate of 
unifonn surhice density on a point in a .line tlurough its centre, and 
perjicndtcular to its plane. 

All parallel slices, of cttual thickness, of any cone attract equally ■ 
(both m magnitude and direction) a particle at the vertex, 

E'or the proposition is true of a cone of infirutcly small angle, the 
masses of the slices being evidently as the Kjiuarcs of their distances 
from the vertex. If / be the thickness, p the volume density, and a» 
the angle, the attraction is utp. 

All slices of a cone of infinitely small angle, if of equal thickness 
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and equally inclined to the axis of the cone, exert equal forces on a 
particle at the vertex. For the area of any inclined section, whatever 
be its orientation, is greater than that of the corresponding transverse 
section in the ratio of unity to the cosine of the angle of inclination. 

Hence if a plane touch a sphere at a 
point B, and if the plane and sphere have 
equal surface density at corresponding 
points F and / in a line drawn through 
A, the point diametrically opposite to 
corresponding elements at JP and / exert 
equal attraction on a particle at A, 

Thus the attraction on A, of any part 
of the plane, is the same as that of the 
corresponding part of the sphere, cut out 
by a cone of infinitely small angle whose vertex is A. 

Hence if we resolve along tlie line AB the attraction of pq on A^ 
the component is equal to the attraction along Ap of the transverse 
section pry i.e. pw, where w is the angle subtended at A by the 
element pqy and p the surface density. 

Thus any portion whatever of the sphere attracts A along AB 
with a force proportional to its spherical opening as seen from A ; 
and the same is, by what was proved above, true of a flat plate. 

Hence as a disc of radius a subtends at a point distant A from , 
in the direction of the axis of the disc, a solid angle 

/ ^ \ 

the attraction of such a disc is 

which for an infinite disc becomes, whatever the distance h, 

27 rp. 

From the preceding formula many useful ^results may easily be 
deduced : thus, 

(/A A uniform cylinder of length /, and radius a, attracts a point 
in its axis at a distance x from the riearest end with a force 

27 rp {/ -- ^^(jc + /)“ + a* + fjyl + a*}. 

When the cylinder is of infinite length (in one direction) the at- 
traction is therefore 

2jrp 

and, wlicn the attracted particle is in contact with the centre of the 
end of the infinite cylinder, this is 

2 irpa. 

(c) A. right cone, of semivertical angle o, and length /, attracts a 
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particle at its'veftex.' Here we have at once for tKe attfactionrthe 
expression 

27rp/ (l — COS a), 

which is simply proportional to the length of the axis. 

It is of course easy, when required, to find the necessarily less 
simple expression for the attraction on any point of the axis. 

(d) For magnetic and electro-magnetic applications a very useful 
case is that of two equal uniform discs, each perpendicular to the line 
joining their centres, on any point in that line — their masses (§ 47 S)- 
being of opposite sign — that is, one repelling and the other attracting. 

Let a be the radius, p the mass of a superficial umt, of eiihei, r 
their distance, x the distance of the attracted point from the nearest 
disc. Tire whole force is evidently 


2‘rrp 




x + c 


(jf + i‘y + d‘ Jx“ + cdj 


In the particular case when c is diminished without limit, this^ 
becomes 


495, Lf* P and P" be two points infinitely near one another on 
two sides of a surface over which matter is distributed; and let p be 
the density of this distribution on the surface m the neighbourhood 
■of these points. Then whatever be the resultant attraction, P, at P, 
due to all the attracting matter, whether lodging on this surface, or 
elsewhere, the resultant force, P\ on P' is the resultant of a force 
equal and parallel to P, and a force equal to 4^p, in the direction 
from P" perpendicularly towards the surface. For, suppose PP'to 
be perpendicular to the surface, which will not limit the, generality of 
the proposition, and consider a circular disc, of the surface, having 
its centre in PP, and radius infinitely small in comparison with the 
radii of curvature of thf surface but infinitely great m comparison 
witli PP. This disc ^^ill [§ 494] attract P and P with forces, 
each equal to a^rp and opposite to one another in the line FP'. 
"Whence the proposition. It is one of much importance in the theory 
of electricity. 


496. It may be shown that at the southern base of a hemispherical 
hill of radius a and density p, the true latitude (as measured by the 
aid of the plumb-line, or by reflection of starlight in a trough of 
mercury) is diminished by the attraction of the mountain by the 
angle 

^pira 
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Hence, if ^ be the radii^ and cr the mean density of the earth, the 
■angle is ^ ' 

or J.^approximately. 

Hence the latitudes .of stations at the base of the hill, north and 
south of it, differ by ^ instead of by as they would 

do if the hill were removed. 

In the same way the latitude of a place at the southern, edge of a 
hemispherical cavity is increased on account of the cavity by 
where p is the density of the superficial strata. ^ 

497.' As a curious additional example of the class of questions 
"we have just considered, a deep crevasse, extending east and west, 
‘increases the latitude of places at its southern edge by (approx- 
imately) the angle f ~ where p .is the density of the crust of the 
earih, and a is the width of the crevasse- Thus the north ^edge of 
the crevasse will have a /ctaer latitude than the south, edge if | ^ 

which might be the case, as there are rocks of density •§ x 5*5 or 
3*67 tiroes that of water. At a considerable depth in the crevasse, 
dxis change of latitudes is nearly doubled^ and then the southern side, 
has the greater latitude if . the density of the crust be not less than 
X*33 times that of water. 


498. It is interesting, and will be useful later, to consider as a 
particular case, the attraction of a sphere whose mass is composed of 
concentric layers, each of uniform density. Let a he, as above, the 
mean density of the whole globe, and t the densitjr of the upper crust. 
The attraction at a depth //, small compared with the radius, is 

where o-i denotes the mean density of the nucleus remaining when a 
shell of thickness h is removed fi’om the sphere. Also, evidently, 

^TTcr, {R - Kf + 4 vt(R-. liYh = 

or {R - by + 4Trr(R- hyh = 

whence <7, = 6? — 4mh. 

The attraction is therefore unaltered at a depth h if 


^ A • A 

stit, ue. T=f<r. 


499. Some other simple cases may be added here, as their results 
will be of use to us subsequently. 
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*(a) attraction of a circxikr arc, AB^ of uniform density, on a 
y particle at the centre, C of the circle, lies 

evidently in the line CjO bisecting the arc. 
Also the resolved part parallel to CD of 
/ 2 \p the attraction of an element at B is 

/ mass of element at P ^ . nr- n 

— COS* £■ BCD, 

^ |Z> Now suppose the density of the chord AB 

I to be the same as that of the arc. Then 

/ for (mass of element at B^ cos i. BCD) 

/ we may put (mass of projection of element 

„ / on AB at 0; since, if BT be the tan- 

^ gent at P, l BTQ = i BCD. 

„ sum of projected elements 

Hence attraction along CD= 


if p be the density of the given arc. 


2 p sin / CD 


It is therefore the ^me as the attraction of a mass equal to the, 
chord, with the arc’s density, concentrated at the point D. 

{b) Again, a. limited straight hne of uniform density attracts any 

external point in the 



same direction and with 
the same force as the 
corresponding arc of a 
circle of the same .den- 
sity, which has the point 
for centre, and touches 
the straight line. 

For if CpB'bc drawn 
cutting the circle in p 
and the line in P; ele- 


ment at p 4 element at P :: Cp CB that is, as : CB\ 


Hence the attractions of these elements on C are equal and in the 
same line. Thus the arc ah attracts C as the line AB does; and, by 
the last proposition, the attraction of AB bisects the angle CP, and 
is equal to 


-^sm^ lACB. 
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(c) This may be 
put into other use- 
ful forms — thus, let 
CRT bisect the an- 
gle ACJBy and let 
'Aa, Bby ETy be 
drawn perpendicular 
to CT from the 
ends and middle 
point of AB, We 
have 



sin L KCB 


KB . AB CD 

L CKD~^^_^ CBCK' 


Hence the attraction, which is along CK, is 

upAB „ pAB CT f 

(yiC+ CB) CK‘'" 2 i AC + CB) ff^TCJf-Ajf) ^ 


For evidently, 

bK : Ka :: BK : KA :: BC CA :: bC : Ca, 

i.e., ah is divided, externally in C, and internally in Ky in the same 
ratio. Hence, by geometry, 

KC, CT=aC. Cb--\{AC^CB*-AB‘)y 

which gives the transformation in (r). 

{d) CT is obviously the tangent at C to a hyperbola, passing 
through that point, and having A and B as foci. Hence, if in 
any plane through AB any hyperbola be described, with foci A 
and By it will be a line of force as regards the attraction of the 
line AB ; that is, as will be more fully explained later, a curve which 
at every point indicates the direction of attraction. 

((?) Similarly, if a prolate spheroid be described with foci A and B, • 
and passing through C, CT will evidently be the normal at C; thus 
the force on a particle at C will be perpendicular to the spheroid ; 
and the particle would evidently rest in equilibrium on the surface, 
even if it were smooth. This is an instance of (what we shall pre- 
sently develop at some length) a .surface of equilibrium, a level 
surface, or an equipotential surface. 

(/) We may further prove, by a simple application of the 
preceding theorem, that the lines of force due to the attraction 
of two infinitely long rods in the \\ncAB producccl, one of which 
is attractive and the other repulsive, arc the scries of ellipses 
described from the extremities, A and By as foci, while the surfaces 
of equilibrium are generated by the revolution of the confocal 
hyperbolas. 
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500 As of immense importance, in the theory not only of gra-. 
vitation but of electricity, of magnetism, of fluid motion, of the 
conduction of heat, etc., we give here an investigation of the most 
important properties of the BotentiaL 

501 This function was introduced for gravitation by Laplace, 
hut the name vras first given to it by Green, who may almost be 
said to have created the theory, as we now have it Green’s work 
was neo-lected till 1846, and before that time Inost of its' important 
theorems had been re-discovered by Gauss, Chasles, Sturm, and 
Thomson. 

In § 245, the pteniial energy of a conservative system in any con- 
figuration was defined. 'When the forces concerned are forces acting, 
either really or apparently, at a distance,- as attraction, of gravitation, 
or attractions or repulsions of electric or magnetic origin, it is in 
general most convenient to choose, for the zero configuration, infinite 
distance between "the bodies concerned. We have thus the following 
definition : — 

502. The mutual potential energy of two bodies in any relative 
position is the amount of work obtainable from- their mutual repulsion, 
by allowing them to separate to an infinite distance asunder. When 
the bodies attract mutually, as for instance when no other force than 
gravitation is ’.operative, their mutual potential energy, according to 
the convention, for zero now adopted, is negative, or their exhaustion 
ofpiential energy is positive. 

503. The Potential at any point, due to any attracting or repelling 
body, or distribution of matter, is the mutual potential energy between 
it and a unit of matter placed at that point. Lnt in the case of 
gravitation, to avoid defining the 'potential as a negative quantity, 
it is’convenient to change the sign. Thus the gravitation potential, 
at any point, due to any mass, is the quantity of work required to 
remove a unit of matter from that point to an infinite distance, 

504. Hence, if F" be the potential at any point P, and that at 
a proximate point Q, it evidently follows from the above definition 
that F- F, is the work required to remove .an independent unit of 
matter from Pto Q; and it is useful to note that this is altogether 
independent of the form of the path chosen between these two points, 
as it gives us a preliminary idea of the' power we acquire by the 
introduction of this mode of representation. 

Simpose Q to be so near to P that tlie attractive forces exerted on 
imithf matter at these points, and therefore at any point in the line 
PQ, may be assumed to be equal and parallel. Then if P represent 
the resolved part of this force along PQ, P.PQ is the work required 
to transfer unit of matter from P to Q. Hence 

V-V,=^F.PQ, 


that is, the attraction on unit of matter at P in any direction PQ^ 
is ' the rate at Avhich the potential at P increases per unit of length 
oiPQ. 

505. A surface, at every point of which the potential has the same 
value, and therefore called an Equipofential Surface, is such that the 
attraction is everywhere in the direction of its normal. For in no 
direction alorig the surface does the potential change in value, and' 
therefore there is no force in any such direction. Hence if the 
attracted particle be placed on such a surface (supposed smooth and 
rigid), it will rest in any position, and the surface is therefore some- 
times called a Snr/aie of Equilibrium. We shall see later, that the 
force on a particle of a liquid at the free surface is always in the 
direction of the normal, hence the Level Surface, which is often 
used for the other terms above.. 

606. If a series of equipotential surfaces he constructed for values 
of the;^potential increaMng by equal small amounts, it is evident fron\ 

§ 504 that the attraction at any point' is inversely proportional' to 
the normal distance between two successive surfaces close to that 
point; since the numerator of -the expression for E is, in this case, 
constant. 

507. A line drawn froni any origin, so that at every point of its 
length its tangent is the direction of the attraction at that point, is 
called a Line of Force; and it obviously cuts at right angles every 
equipotential surface which it meets. . 

These three last sections are true whatever hQ the law of attraction ;■ 
in the next we are restricted to the law. of the inverse square of the 
distance. 

608, If, through every point of the boundary of an infinitely 
small portion of an equipotential surface, the corresponding lines of 
force be drawn, ,we shall evidently have a tubular surface of infinitely 
small section. The resultant force, being at every point tangential 
to the direction of the tube, is inversely aS its. normal transverse 
section. 

This is an immediate consequence of a most important theorem, 
which will be proved later. The surface integral of the attraction ', 
exerted by any distribution of matter m the direction of the normal at 
every point of any closed surf act is 4vM/ where M is the amount of 
matter within the surface, while the attraction is considered positive or 
negative according as it is inwards or outwards at any point of the 
surface. 

For in the present case the force perpendicular to the tubular 
part of the surface vanishes, and we need consider the ends only. 
When none of the attracting imass is within the portion of the tube 
considered, we. have at once 

F being the force at any point of the section whose area is or. 

This is equivalent to the celebrated equation of Laplace. 
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When the attracting body is symmetrical about a point, the^Iines 
of force are obviously straight Imes drawn from this point. Hence 
?he tube [s 1^*13 else a cone, and, by § 486, jr is proportional o 
ihe square of the distance from the vertex. Hence £ is inversely 
as the square of the distance for points external to the attracting 

""men the mass is symmetrically disposed about an axis in iiv 
finitely ?ong cylindrical shells, the lines of force are evidently perpen- 
Sar to tL axis. Hence the tube becomes a whose section 
is proportional to the distance from the axis, and the p.ttraction is 
therefore inversely as the distance frorn the axis. 

When the mass is arranged m infinite parallel planes, • each of 
uniform density, the lines of force are obviously perpendicular to 
these planes^ the tube becomes a cylinder; and,.smce its section is 
constant, the force is the same at all distances. 

If an infinitely small length / of the portion of the tube considered 
pass through matter of density p, and if be the area of the section, 
of the tube in this part, we have 

Tts - F'-sd = 4'7r/wp. 


This is equivalent to PoiSson's extension of Laplace’s equation 

In estimating work done> against a force which varies in-, 
versely as the square of, the distance from a fixed point, the mean 
force is to be reckoned as the geometrical mean between the forces 
at the beginning and end of the path: and, whatever may be the 
path followed, the effective space is to be reckoned as the difference 
of distances from the attracting, point. Thus the work done in any 
course is equal to the product of the difference of distances of the 
extremities from the attracting point, into the geometrical mean of 
the forces at these distances; or, if O be the attracting point, and 
its force on a unit mass at unit distarice, the work donq in moving aj 
particle, of unit mass, from any position F to any other positioni 

Fy\% 

{OF-- OF) ^ ^p„, or ^p,. 


To prove this it is only necessary to remark,’ that-for any infinitely 
small step of the motion, the effective space is clearly the difference 
of distances from the centre, and the working force may be takeri as' 
the force at either end, or of any intermediate value, the geometrical 
mean for instance: and the preceding expression applied to each 
infinitely small step shows that the same rule holds for the sum 
making up the whole work done through any finite range, and by 
any path. 

Hence, by § 503, it is obvious that the potential at P, of a mass m- 

.situated at O, is and thus that the potential of any mass at a 

point P is to be found by adding the quotients of every portion of 
the mass, each divided by its distance from P, 
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510. Let S be any dosed surface, and let O be a, point, eitbei') 
external or internal, where a mass, m, of matter is collected. Let N 
be the component of the attraction of vt in the direction of the 
normal drawn inwards from any point P, of S. Then, if d<T denotes 
an element of S, and / / integration over tlie whole of 

. j" / N d(T <= 4 rr;//, QX *= O, 
according as 0 is internal or external 

Case i.y O internal.. Let OPF^P^.., be a straight line drawn in 
any direction from O, cutting ^ in_P,, P,, etc., and therefore 
passing out at P„ in at P„ out again at P^,, in again at P,, and so 
on. Let a conical surface be described by lines through O, all in- 
finitely near OP^P^..., and let <0 be its solid angle (§ 482 ). 'The 
portions of // Ndar corresponding to the elements cut from S by 
this cone will be clearly each equal in absolute magnitude to. tow, 
but will be alternately positive and negative. Hence as there is an 
odd number of them, their sum is + <ow. And the sum of these, for 
all solid angles round. (?, is. (§ 483 ) equal to 4 vm; that is to say, 
JJNdo- = 4?rw. 

Case //., O cxternaL. Let OPyP^P^.., be a line drawn from- O passv 
ing across Sf inwards at P„ outwards at P., and so on, Drawing, 
as before, a conical surface of infinitely small solid angle,' to, we have 
still mi for the absolute value of each of the portions of JJ Ndcr 
corresponding to the elements w;hich it cuts , from S; but their signs 
are alternately negative and positive y and therefore as. their number 
is even, th.eir sum is. zero, JFIence 

JJ Nd<rc^o. 

Froift these results it follows immediately that if there be any con-» 
tinuous distribution of matter, partly within and partly witliout a 
closed surface S, and^iV' and dcr be still usecj with. the same 'signifi- 
cation, we have 

JfNdcr=: 4TJlf 

if M denote the Whole amount pf matter within ,$1 

611; "From this it follows that the potential cannot have a maxi- 
mum or minimum value at a point in free space. For if it were so, 
a closed 'surface could be described about the point, and indefinitely 
near it, so that at every point of it the value of the potential would be 
less than, Or greater than, that at the point ; so that ,N would be 
negative or positive all over the surface, and therefore fJNdcr would 
be finite, which is impossible, as .the surface, contains none of tile 
attracting mass. 

512. It is also evident that must' have positive values at some 
parts of this surfiice, and negative values at others, unless it is zero 
all over it. Hence in free space the potential, if not constant round 
any point, increases in some directions frojn it, and diminishes in 

Voi, aa—a 
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and ther^ore a material particle- placed at a 
zSo fore? under the action of any attac^g 
Lm all constxainti is .in unstable, equflibnum, a result due o 

Eamsbaw*. , i.j u 

51'3 If the potential be constant over a closed surface whi<« 
contains none of 'the attracting-mas^ it has the same constat value 
SSout &e interior. , For if no\. it must have. a roiamum or 
miirirnum value somewhere wthin, which is impossible. 

514. The mean potential over any spherical surface, due to matter 
entirely vtithout it; is .equal to the potential at its ^ 
apparently first given by Gauss. See also Cambridge Mathmaitcal 
rlfnat Feb i 84«; fvoh iv. p. 225). This proposition is merely an 
extension, -to any masses, of the converse of the following statemen^ 
which is easily seen to follow firom -the results p.f §§ 479> 488 expressed 
in notentials instead of forces. The potential of an uniform sphenc^ 
shell at an external, point is the same as if its mass were condensed 
at the centre. At all internal points it has .the same- value as at the 
surface. 

515. If the potential of any masses has a constant value, Y,, 

through any finite portion, jSJ.of space, unoefcupied .by matter, it i& 
equal to F through every part of space which can be reached m any, 
way without passing through any of those masses s a very remarkable 
proposition, due to Gauss. For, if the potential differ from V in 
space contiguous to it. must (§ 513) .be greater in some parts and 
less in others. , , , 

From any point ’ <7- within 1 C, as centre, m the neighbourhood of a 
•place where the -potential is greater than Fi describe a. spherical 
surface not large enough to contaiu’any part of any of the attracting- 
masses, nor to include any of the ’space external to 1 C except such 
as has potential ^eater than V, But this is -impossible, since we’ 
have just seen (§ 514) -that the mean potential over the spheric^ 
surface must be V. Hence the supposition that the potential is 
greater &an V in some.’ places and less in others, contiguous to jST 
and not including masses, is fal^. 

516. Similarly we see that in any case of S^metry' round an 
axis, if • the potential is. constant through a certain finite distance, 
however short, along the axis, it is constant throughout the whole 
space that' can be reached from this portion of the axis, without 
crossing any of the masses.- 

517. Let 6" be any finite portion of a surface, 'or Complete closed 
surface, or infinite surface, and let E be any point on ^ (a) It is; 
possible to distribute matter over 6^ so- as to produce potential equal 
toE{E), any arbitrary function of tlie position of E, over the whole 
of ,7. {b) There is only one whole quantity of matter, and one 
distribution of itt which can satisfy this condition.- • For the proof of 

r Cambridge Phil. Trans., March, 1839. 
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this and of several succeedmg theorems, we refer tie- reader to our 
larger work, 

618. It is important to remark that, if S consist, in part, of a 
closed surface, <2> the determination of the potential at any point, 
within it will be independent of those portions of /S', if any, which, 
lie without it j and, vice vers&^ the determination of U through external 
space will be independent of those portions of S, if any, which lie 
within the part Q. Or if S consist, in part, of a surface <2> extend-, 
ing infinitely in all' directions, the determination- pf U through all 
-space on either side of <2, is independent of those portions of -S’, if 
any, which lie on' the, other side... 

519. Another remark of extreme importance is this: — If F(JI) 
be the potential at E of any distribution, of matter, and if .S be' 
such as to separate perfectly any portion or portions of space, AT, 
from all of this matter; that is to say, such that it is impossible to 
pass into AT from any part of Af without crossing -S; then, throughout 
AT, tire value of U will be die potential of M. 


520. T'hus, for instance, if .S’ consist of three detached surfaces,- 
S.t S., S', as in’ the diagram, of which S., S. .are closed, and -Sa is 
an open shell, and if F (E) be 

the potential due to M, at any /'*') 

point, E, of any. of these portions / y y' 


of .S'; then throughout JK and 
IX^, the spaces within .S’, ana with- 
out the -value of U is simply 
the potential of AT. The yalue of 
U through K, the remainder of 
space, depends, of course, on the 
character of the composite sur- 
face S. 





521. From § 518 follows the grand proposition is J>ossihIe io 

Jind one, but no other than one, distribution of matter over a surface S- 
which shall produce over S, and throughout all space H separated by S 
from every part of M, the same potential as any given mass M. 

Tlius, in the preceding diagram, it is possible to find one, and but 
one, distribution, of matter over .S’,, S^, S^ which shall produce over 
6 'a and through AT, and JA, the same potential as M. 

, The statement of this propqsition most commonly made is: Eis 
•possible to distribute matter over any surface, S, completely eticlosing a 
mass M, so as to produce the same potential as M through all space 
outside M; which, though seemingly more limited, is, when inter- 
preted with proper rhathematical comprehensiveness, equivalent to th^ 
foregoing. 


622. If .S' consist ' of several closed or infinite surfaces, .Si, .S’,, .5»- 
respectively separating certain isolated spaces XX,, XX^, from. Iff 
the remainder of all space, and if F (E) be the potential of masses 


iSS 
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S S.S, wspectively mU teoughoul-^ be eqoarrespecUvely to- 
the potentials of ?«a> separately^ ^ 




For as we have just seen/it is possible to find one, but only one, 
Snibution of matter over *S; which shall produce the potential of 
ui&uiuy throughout all the space ^ 

^ ^ 3 , etc., and one, but only one, 

•distribution over .S', which shall 
produce the potential of vh 
throughout jffl, etc. ; and 

so on. But these distributions 
on .Si, .S',,; etc., jointly constitute 
a distribution producing the po- 
„ — tential- F {E) over every part of 

'“-t . •S', and therefore the sum of the 

potentials diife to them, all, at any point, fulfils the conditions pre« 
sented for U. This is therefore (§ 5 18 ) the solution of the problem. 



623. Considering still the case in which FiE) is prescribed to be 
the potential of a given rna&s, ‘Jf:, let S be an equipotential surface 
enclosing Jkf, or a group of isolated surfaces enclosing all the parts of 
Jf, and each equipotential for the whole of JIf, The potential due to 
the. supposed distribution over S will be the same as that of Jffl 
through aU external space, and will be constant (§ 514 ) through each 
enclosed portion of space. Its resultant attraction will therefore be 
the same as that of Jf on all external points, and zero on all internal 
pomts. Hence we see at Once that the density of the matter dis- 
tribute over it, to produce' F (F), is equal to ~ where F denotes 
the resultant force of Jf, at the point F» 


624. When .^consists of two portions Wj-and w' separated by an 
equipotential and .S consists of two portions, Sx and S', of which 
the latter separates the former perfectly from m': we see, by § 522, 
That the distribution over produces through all space on the side 
of it bn which S lies, the same, potential, as #«,, and the dis- 
ihibutiott on S produces through space on the side of it on which St 
lies, the same potential, V', as w'. But the supposed distribution on 
the whole of is sudi as to produce a constant potential, Cp over »Si, 
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and conseqtiendy the same at every point within Sy, Hfince the in- 
ternal potential, due to .Si alone, is C^-V. 

Thus, passing from potentials to attractions, we see that the re- 
sultant attraction of .S', alone, on all points on one side of it, is the 
same as that of ; and on the other side is equal and opposite to 
that of the remainder of the whole mass. The most direct and 
simple complete statement of this result is as follows : — 

If masses w, m\ in portions of space, II, II' , completely separated 
from one another by one continuous surface whether closed or 
infinite, are known to produce tangential forces equal, and in the 
same direction at each point of S, one and the same distribution 
of matter over S will produce the force of m throughout B', and 
that of m' throughout II The density of this distribution is equal to 

n 

‘ — , ifjff denote the resultant force due to one of the masses, and 

4Tr 

the other with its sign changed. And it is to be remarked that the 
direction of this resultant force is, at every point, E, of S, perpen- 
dicular to -5*, since the potential due to one mass, and the other with 
its sign changed, is constant over the whole of S. 

626 . Green,. in first publishing his discovery of the result statedl 
in § 523, remarked that it shows a way to find an infinite variety of 
closed surfaces for any one of which we can solve the problem of 
determining the distribution of matter over it which shall produce 
a given uniform potential at each point of its surface, and con- 
sequently the same also througliout its interior. Thus, an example 
which Green himself gives, let Af be a uniform bar of matter, AA'i 
The equipotential surfaces round it are, as we have seen above 
(§ 499 {^))i prolate ellipsoids . of revolution, each having A and A' for 
its foci; and the resultant force at C was found to be 


vt 


/(/‘-a") 


,CF, 


the whole mass of the bar being denoted by m, Its length by sa, and 
A'C-^ AChy 7 . 1 . We conclude that a distribution of matter over 
the surface of the ellipsoid, having 


I m.CF. 

47r /(/*-«*) 


for density at C, produces on all external space the same resultant 
force as the bar, and zero force or a constant potential through the 
internal space. This is a particular case of the general result re- 
garding ellipsoidal shells, proved below, in §§ 536, 537. 

526 . As a second example, let M consist of two equal particles, 
at points /, /'. If we take the mass of each as unity, the potential at 

P is ^ and therefore 


T r 

J'P" 


C 
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fs the equation of an equipotential surface ; it being tm^crstood 1 
negative values of IP and TP are inadmissible, and that any c 
§tant value, from co to o, may be given to C. 'The curves in 
annexed diagram have been drawn, from this equation, for the cj 
^of C equal respectively to 10, 9, 8, 7, 6, 5, 4-5, 4*3, 4-2, 4*1, 4, 
3 'S> 37, 3 ‘ 5 , 3, 2 ‘ 5 , 2 ; the value of IT being unity. 

The corresponding equipotential surfaces are the surfaces tra 
by these curves, if the whole diagmm is made to rotate round IJ 



surfaces, let R denote the resultant of forces equal to ^ and ^ 
in the lines JR/ and PT . Then if matter be distributed over ti 


surface, with density at P equal to its attraction on any interr 

point will be zero; and on any external point, will bo the same 
that of I and T. 

627 . For each value of C greater than 4, the cquipotentLal surfai 
con^ts of two' detached ovals approximating (the last three or fo' 
m the diagram, very closely) to spherical surfaces, with centres lyir 
between the points / and T, but approximating more and mo 
closely to these points, for larger and larger values of C. 

Considering one of these ovals alone, one of the series enclosir 
/, for instance, and distributing matter over it according to the sam 

law of density, we have a shell of mati^ which exerts (§ S2c 


STATICS OF A PARTICLE.-ATTRACTION. 19? 

on external points the same force as and on Internal points a 
force equal and opposite to that of /. 


528. As an example of exceedingly great importance in the theory 
of electricity, let M consist of a positive mass, m,. concentrated 
at a point /, and a negative 


mass, “ at /' ; and let o 
be a spherical surface cutting 
//' and IT produced in points 
A^ A,f such that 
lA : AI lA, :TA ::m: m\ 

i 

Then, by a well-known geo- 
metrical proposition, we shall 
have IE : TE :: m i y and 
therefore 



m irl 




Hence, by what we have just seen, one and the same distribution of 
matter over S will produce the same force as id through all external 
space, and the same as. tn through all the space within And, 

finding the resultant of the forces in El^ and in TE^ pro- 


duced, which, as these forces are inverse^ as IE to I’E^ is (§223) 
equal to 

m -w fdlF * 


we conclude that the density in the shell at E is 

mvr I 

lE^’" 

That the shell thus constituted does attract external points as if its 
mass were collected at /', and interhal points as a certain mass col- 
lected at I, was proved geometrically in § 491 above. 


629, If the spherical surface is given, and one of tire points, /, T, 
■for instance /, the other is found by taking. C7^<=« and for the 


mass to be placed at it we have 


pi' ~pi 


TA __ 
AI ~ 


in 


CA 

Cl 


= pt 


cr_ 

CA' 


Hence, if we have any number of particles etc., at points 

/„ /g, etc,, situated without S, we may find in the same way cpr- 
icsponcling internal points I\, jTg, etc., and masses etc:; 

and, by adding the expressions for the density at E given for each 
pair by the preceding formula, we get a spherical shell of matter 
which has the property of acting on all external space with the same 
force as -w'g, eta, and on all internal points with a force 

•equal and opposite to that of eta 
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630. An infinite number of such particles may be given, c 

stituting a continuous mass i)/"; when of course the correspond 
internal particles will constitute a continuous mass, -J/', of 
opposite kind of matter; and the same conclusion will lutUl. If 
the surface of a solid or hollow metal ball connected with the ea 
by a fine wire, andJ/ an external inllueneingboily, the shell of mat 
we have determined is precisely the distribution of electricity or 
called out by the influence of M\ and the mass - J/', determined 
above, is called the £lkciric of d/in the ball, since the elect 

action through the whole space external to the ball would 
unchanged if the hall were removed aiul - J/' properly placed 
the s])aco left vacant. We intend to return to this subject uiu 
Electricity.. 

631. Irrespectively of the spcci.il electric application, this meth 
of images gives a remarkable kind of transfurnuitiun which is ofl 
useful, It suggests for mere geometry what has been called ( 
transformation liy reciprocal radius-ve<‘tors ; that is to say, tlu: si 
stitutiori for any set of points, or for any diagram of line.s or surfac 
another obtained by drawing radii to them from a certain fixed po 
or origin, and measuring oil’ lengths inversely proportional to tin 
radii along their directions. We see in a moment by clement; 
geometry that any line thus obtained cuts the radius-vector thror 
any point of it at the same, angle and in the same pUuu*. as the I 
from which it i.s derived. Hence any two lines <jr .•iurfa<'cs that < 
one another give two transformed lines or surfaces cutting at 1 
.same angle : and infinitely small lengths, .areas, ami volumes tra 
form into others whose m.-rgnitudes are altcreil respectively in 1 
ratios of the first, second, and thirtl powers of the distatu-es of I 
latter from the origin, to the same powers of the dist.uu'e.s of 1 
former from the same. Hence the Icngtlis, areas, and volumes 
the transformed ‘diagram, corresponding to a set of given eip 
infinitely small lengtlis, areas, and volumes, however Siituated, 
different distances from the origin, are inversely as the .s<puires, 1 
fourth powers and the sixth powers of these disUutces. Further, si 
easily proved that a straight line and a plane trasisform into a cir 
and a spherical surface, each passing through the origiss ; and th 
generally, circles and spheres transform itrlo circles and spheres. 

632. In the theory of attraction, the transformation of mass 
densities, and potentials also to be consitlercd. Thus, arcordi 
to the foundation of the method (§ 530), equal masses, of infiniti 
small dimensions at dificrent distances from iho origin, transform ii 
masses inversely as tliese distances, or directly as the transform 
distances ; and, therefqye, ctnial densities of lines, of surfaces, and 
solids, given at any stated distances from the origin, transform it 
densities directly as the first, tlie third, and the fifth powers of tin 
distances; or inversely as the same powers of the distances, fn 
the origin, of the corresponding points in the transformed syste 
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and of attraction in general, depends entirely on the followlna 
theorem : — ® 

Let .^ denote the potential at P due to the given distribution, and <k’ 
the potential at F due to the transformed distribution : then shall 


At ^ A. ^ J, 

r ^ 

Let a mass m collected at 7 he any part of the given distri- 
bution, and let n/ at /' be 
the corresponding part in 
the transformed distribution. 

We have 

a^==OI\OI^OF.OP, 

and therefore 

01: OP:i OF : OT; 0 

which shows that the triangles IPO, F TO are similar, so that 
IP : FT JOI.OP: JWp1)^T :: OI.OP ; a*. 

We have besides 



and therefore 


in '.itfw 01 : a. 


m ^ «/ 

jp'jTpt 


a : OR 


Hence each term of bears to the corresponding term of 
the _ same ratio ^ and therefore the sum, must bo to tho sum, 
in tliat ratio, as was to be proved. 


533, As an example, let the given distribution be' confined to a 
spherical surface, ana let <9 be its Centre and a its own radius. The 
transformed distribution is the same. But the space within it becomes 
transformed into the space without it. Hence if be the potential 
duo to any. spherical shell at a point P, within it, the potential due 

a® 

to the same shell at the point F in OP produced till OF ^ 

equal to -^p, 4> (which is an elementary proposition in the spherical 

harmonic treatment of potentials, as we shall see presently). Thus, 
for instdnee, lot tho distribution be uniform, 'Then, as we know 
there is no force on an interior point, <fi must bo constant ; and 
therefore the potential at F, any 'external point, is inversely propor* 
tional to its distance from the centre. 

Or let the given distribution be a uniform shell, S, and let 0 be 
any eccentric or any external point. The transformed distribution 
becomes (§§ 531 , 532 ) a spherical shell, F, with density varying 
inversely as the cube of the distance from O. If 0 is within S, it is 
algo enclosed by S't and the whole space within 5 transforms into 
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the whole space without S'. Ilonce 532) the potential ^ S 
Any point witliout it is inversely ns the (listnnee from O, anti is th 
fore that of a certain (piantity of matter culleetcd at O. C,)r if ( 
external to Sy aiul consetpicntly also external to S', the spaiv wii 
6’ transforms into the space, within S'. Hence the p(»teutial of 
At any point within it is the same as tint o( a certain iiuantit; 
matter collected at O, which is mw a jnunt external to it. Ti 
without taking advantage of the general tht'oretns 517, 524), 
fall back on the .same results as we inferretl fnan them in 52.S, ; 
AS we proved synthetically earlier 4.SS, 402). It may 

remarked that those synthetical demonstrations consist merely 
transformation;; of Newton’s tlemonstration, that attr.ictiuns bala 
on.a lioint within a uniform shell. Thus the first of them (J? 4 
is the image of Newton’s in a concentric spherical .surface ; and 
second is its itnage in a .spherical .surface having its centre cxtei 
to the shell, or internal but eccentric, according as tlic first or 
second diagram is used. 

634 , Wc shall give Just one other application of the theoi 
of 8 532 txt pre.scnt, but much use of it will be made later in 
theory of Electricity. 

Let the given distribution of matl^er be a uniform solid sphere, 
And let 0 he external to it. Hie transformed syjitem will be a .‘a 
sphere, M', with demsity varying inversely ns the filtli power of 
distance from O, a point external to it. The |K)tcnti.d of D is 
same throughout external .spai'e as that due to Us mass, m, culler 
At its centre, C. Hence the potential of N through .space extei 
to it is the .same as that of the corre.sponding tjuantity of ma 
•collectcil at D, the tran.sfurnied po.sitiou of C. I'liis (gtantity if 
course equal to tlie nw'cs of If. And it is easily proved that C 
the position of the image of O in tlie spherical surface of N. 
conclude that a solid sphere with density varying inversely as 
fifth power of the distance from, im external i^int, O, attracts 
external point as if its mass were conden.sed at the image of O ir< 
-external surface. It is easy to verify this for points of the axis 
direct integration, and thence tlie general condu?iion follows 
'-cording to § 508, 

635 . The determination of the attraction of an ellipsoid^ or of 
cllip.soidal shell, is n problem of great intcrc.st, and it.s rc.sults will 
of great tise to us aftcrward.s, e.spt'caally in Magnetism. Wc h 
left it till now, in order that we may be prepared to apply the i 
pertics of the potential, ns_ they afford an extremely elegant met) 
of treatment. A few definitions and lemmas are necessary. 

Corresponding points on two confocal ellipsoids are such as coinc 
when either ellipsoid by a pure strain » tieformed »o as to fioiiu: 
with the other. ”• 

And it is easily shown, that if any two points, P, <?, be assumed 
one shell, and their wrresiponding joints, on the other, we h 
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The species of shell which it Ts most convenient to employ in the 
subdivision of a homogeneous ellipsoid is bounded by similar, simi* 
tarly situated, and. concentric ellipsoidal surfaces; and it is evident 
from- the properties of pure strain .(§ 141) that such fi shell may be 
produced from a spherical shell of uniform thickness by uniform 
extensions and compressions in three rectangular directions. Unless 
the contrary be specified, the word ‘shell’ in connexion with this 
•subject will always signify an infinitely thin shell of the kind now 
described- 

635 . Since, by § 470, a homogeneous spherical shell exerts no 
attraction on an Internal point, a homogeneous shell (which need 
not be infinitely thin) bounded by similar, and similarly situated, and 
concentric ellipsoids, exerts no attraction on an internal point 

For suppose the spherical shell of § 479, by simple extensions and 
compressions in tliree rectangular directions, to be ’ transformed into 
an ellipsoidal shell. In this distorted form the masses of all parts 
are reduced or increased in the proportion of the mass of the ellipsoid 
to that of the sphere. Also the ratio of the lin^s JlPt PK is un- 
altered, § 139. Hence the elements JH^ KL still attract P equally, 
and the proposition follows as in § 479. 

Hence inside the shell the potential is constant 

637 . Two confocal shells (§ 535) being given, the potential of the 
first at any point, P, of the surfhee of the second, is to that of the 
second at, the corresponding point,/, on the surface of the first, as 
the mass of the first is to the mass of the second. Tliis beautiful 
prOTOsition is due to Chasles. 

To any elenient of the mass of the outer shell at 0 corresponds an 
■element of mass of the inner at q, and these bear the same ratio to 
the whole masses of their, respective shells, that the corresponding, 
•element of the spherical. shell Irom which either maybe derived bears 
to its whole mass. Whence, since Pq = Qpy the proposition is true 
for the corresponding elements at Q and q^ and therefore for tlie 
entire .shells. 

Also, as the potential of a shell on an internal point iso constant, 
and as one of two cpnfocal ellipsoids is wholly within the other : it 
follows that the external equipotential surfaces for any such shell are 
cofifocal ellipsoids, and therefore that the'attraction of the shell on an 
external point is normal to a confocal ellipsoid passing through the 
point 

538 . Now it has been shown 495) that the attraction of a shall 
on an external point near its surface exceeds that on an internal 
point inftfiitely near it by 47rp where p is the surface-density of - the 
shell at that point. Hence, as (§ 536) there is no attraction on oa 
internal point, the attraction of a shell on a point at its_ exterior 
l.surface is 4717): or 47rpjf if p be now put for the volume-density, and^ 
;for fhe (infinitely small) thickness of the shelh § 495. ^Froin this 
it is easy to? obtain by intcgrati9n the determination' of the whole 
attra'ction of a homogeneous ellipsoid on an external particle.” 



639. The following splendid theorem is due to Mad.iunn 


<tn mhrnal the action of the larger sphere on the intrnuil pi 
is reducible to that of Uic smaller. Hence Me law is that a/ thi 
stjmn of ih& distance, is easily seen by making the sm:i 
sphere less and less till, it Ijccymcs a mere jiartkle. This thcoroi 
due originally to Cavendish. 

642. {De^nifion,) If the action of terrestrial or ’Other gr.wity 
a rigid body is reducible to a single force in a line passing alvi 
through one point fixed relatively to the body, whatever be its posi' 


relatively to the earth- or other attracting mas::, that pujnt is callci. 
cadre of gravity, and the body is called a eadrdatic hdy. 

643. One of the most startling result's of Green's wonderful th< 
of the potential is its establishment of the existence of centrub 
bodies; and the discovery of their iiroiH-rticfi is not the Icoat curi 
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4 !ac^ in. space external to all : in other words, the outer boundary of every 
centrobaric body is a single closed surface. 

Thus we sec, by (<2), that no symmetrical ring, or hollow cylinder 
with open ends, can have a centre of gravity; for its centre of 
^avity, if it had one, would be in its axis, and therefore external to 
its mass. 

640 . If any mass whatever^ and any single surface^ S, conu 
plctely enclosing it be given, a distribution of any given amount, M\ 
of matter on this surface may be found which shall make the whole 
centrobaric with its centre of gravity in any given position (G) within 
that surface . . 

The condition here to be fulfilled is to distribute over Sj.so as 
by it to produce the potential 

at any point, T, of S; V denoting the pdtentkl of M at this point. 
The possibility and singleness of the solution of' this problem were 
stated above (§ 517). It is to be remarked, however, that if M' bo 
not given in sufficient amount, an extra quantity must be taken, but 
neutralized by an equal quantity of negative matter, to. constitute the, 
required distribution on S. 

The case in which there Is no glvei> body M to begin with is 
Important; and yields the followirtg: — 

647 . A given quantity of matter may he distrihuUd in one way, but 
in only one way, aver any given, closed surface^ so as to constitute a 
centrobaric body with its caitre of gravity at any ^ven point within it. 

Thus we have already seen that the condition is fulfilled by tnaking 
the density inversely as the distance from the' given point, if the 
surface be spherical. From what was proved in §§ 519, 524 above, 
it appears also that a centrobaric shell may be made of either half of 
the Icmniscate in the diagram of § 526, or of any of the ovals within 
it, liy distributing matter with 'density proportional to the resultant 
force of in at / and in' at /' ; and that the One of these points which 
is within it is its centre of gravity. And generally, by drawing the 
equipotential surfaces relatively to a mass m collected at a point I, 
and any other distribution of matter whatever not surrounding this 
point ; and by taking one of these surfaces which encloses I but 
no Ollier part of the mass, we learn, by Green’s general theorem, 
and the special proposition of § 524, how to distribute matter- 
over it 60 as to make it a centrobaric shell- with I for centre of 
gravity. 

648 . Under hydrokinetics the same problem will be solved for a 
cube, or a rectangular parallelepiped in general, in terms of con- 
verging scries; and under electricity 0n-a subsequent volume) it will 
i)c solved in finite algebraic terms for the surface of a lens bounded 
by two spherical surfaces cutting one another at any sub-multiple of 
two right angles, and for either part obtained by dividing this surface 
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In two by a third spherical surface cutting each of its sides at rig 
angles, 

549 . Matter may be distributed in an infinite number cf ivti 
throughout a f^ven closed space, to constitute a centrobaric body with 
centre of gravity at any given point within if. 

For by an infinite number of surfaces, each enclosing Uu; giv 
point, the whole space between this point and the given closed surfa 
may be divided into infinitely thin shells; and inattcr may be d 
tributed on each ofhhese so as to make it < entrobaric witli its cent 
of gravity at the given point. Both the forms of these shells and t 
quantities of matter distributed on them, may be arbitrarily varied 
an infinite variety of ways. 

Thus, for example, if the given closed surface be the pointed tn 
constituted by cither half of the lemniscatc tif tlfe diagr.un of § 5,2 
and if the given point be the point / within it, a i cntroharic sol 
may be built up of the interior ovals with matter distrihuted ov 
them to make them centrobaric shells as above (.1 5.n)- From vvli 
was proved in § 534, we see that a solid sjthere with its densi 
varying inversely as the fifth power of the distance from an extern 
point, is centrobaric, and that its centre of gravity is the image 53 
of this point relatively to its surface. 

550 . The centre of gravity of a centrobaric hotly cmnposetl 
true gravitating matter is its centre of inertia. For a eentrobai 
body, if attracted only by another infinitely ilistant body, or by matt 
so distributed roun<l itself as to iiroihice (ji 517) uniform Ibrcc 
parallel lines throughout the space occupied by it, experiences 54 
a resultant force always through its c*erurc of gravity. But m il 
case this force is tlie resultant of paralU-l forces on all the p.irticles 
the body, which (see Broperties of Matter, below) arc rigorously pi 
portional to their masses: and it is proved th.it the resultant 
such a system of parallel forces passes througli the point dcfmcii 
§ 19s, as the centre of inertia. 

551 . The moments of inertia of a centrobaric body arc cqi 
round all axes through its centre of inertia. In other woriis (:i 231 
all these axes are princijral 4ixcs, and the hotly is kinctically syi 
metrical round its centre of inertia. 
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STATICS OF SOLIDS AND FLUIDS. 

652. Forces whose lines meet. Let ABC be a rigid body acted 
on by two forces, P and Q, applied to it 
at different points, D and E respectively, in 
lines in the same plane. 

Since the lines arc not parallel, they will 
meet if produced; let them be produced and 
meet in 0, Transmit the forces to act on 
that point; and the result is that we have 
sim[)ly the case of two forces acting on a 
material point, which has been already con- 
sidered. 

553. The preceding solution is applicable to every case of non- 
parallel forces in a plane, however far removed the point may be in 
which their lines of action meet, and the resultant will of course be 
found by the parallelogram .of forces. The limiting case of parallel 
forces, or forces whose lines of action, however far produced, do not 
meet, was considered above, and the position 'and magnitude of 
the resultant were investigated. The following is an independent 
demonstration of the conclusion arrived at 

554. ^ Parallel forces in a plane. The resultant of two parallel 
forces is equal to their sum, and is in the parallel line which divides 
any line drawn across their lines of action into parts inversely as their 
magnitudes. 

X®. Let P and Q be two parallel forces acting on a rigid body in 
similar directions in lines A.B and CD. Draw any line A C across 
their lines. In it introduce any 
pair of balancing forces, Sm AG K 
and S in Clf. These forces will 
not disturb the equilibrium of 
the body. Suppose the forces 0 
P and S in A G, and Q and S in 
Clf, to act respectively on the 
points A and C of the rigid body. 

The forces P and .S’, in A B and 
AG, have single resultant in 
some line AM, within the angle 
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GAB‘, and Q and .S’ in CD and CH have a resultant in some line 
CN within the angle DCH. 

The angles MAC, NCA are together greater than two' right 
angles-, hence the lines MA, NC will meet if produced. Let them 
meet in O. Now the two forces P and S may be transferred to 
parallel lines through O. Similarly the forces Q, and 6" may be also 
tran^erred. Then there are four forces acting on O, two of which, 
5 in OK ,and .S iri OL, are equal and directly opposed. They may, 
therefore, bo removed, and there are left two 'forces equal to i^and 
Q in one line on 0^ which are equivalent to a single force jP+ ^ in 
the same line. 

2 ®. If, for a moment, we suppose OK to represent the force 
then the force representing musf \ e equal and parallel to £A, since 
the resultant of the two is in the direction OA. That is to say, 

S:P::£A : 0£; 

and in like manner, by considering the forces S in OZ and Q in 0£, 
we find that 

QiS:: OE:£C. 

Compounding these analogies, we get at once 
Q:P:: £A : EC, 

that is, the parts into which the line is divided by the resultant are 
inversely ai’the forces. 

555. Forces in dissimilar directions. The resultant of two parallel 
forces in dissimilar directions', of which one is greater than the other, 
is found by the following rule : Draw any line across the lines of the 
forces and produce it across the line of the greater, until the whole 
line is to the part produced as the greater force is to the less; a force 
equal to the excess of the greater force above the less, applied at the 
extremity of this line in a parallel line and in the direction similar to 
that of the greater, is the resultant of the system. 

Let P and Q in KK' and LD, be the 
confirary forces. From any point A, in 
the line of P, draw a line AB across the 
line of Q cutting it in B, and produce the 
line to £, so that AE : BE '.i Q’. P. 
Through E draw a line MM' parallel to 
KK' or LL. 

In MM' introduce a pair of balancing forces each equal Xo Q- P. 
Then P in AK' and Q - P in EM have a resultant equal to their 

' In future the word ‘contra^’ will be employed instead of the phrase 
‘parallel and in dissimilar directions’ to designate merely directional opposition,' 
while the vtn^ualified word ‘opposite’ will be understood to signify contrary and) 
in one line. 
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sum, or Q. This resultant is in the line LD i for, from the ana- 
logy, 

AF:BE::Q:P, 

wc have AE-BF :BE ::Q^F:F, 

or AB :BE :: Q-B:B. 

Hence P in AF% Q in BL', and (2 “ --P in EM are in equilibrium 
and may be removed. There remains only (2 — P in EM', which is 
therefore the resultant of the two given" forces, This fails when the 
forces are equal. 


0 


556. Any number of parallel forces in a plane. Let P,, P,, 
etc., be any number of parallel forces 
acting on a rigid body in one plane. 

To find their resultant in po.sition and 
magnitude, draw any line across their 
lines of action, cutting them in points, 
denoted respectively by A^, A^, A,,, etc., 
and in it choose a point of reference O. Let the distances of the 
lines of the forces from this point be denoted by a^, a^, (Zj, etc.; as 
OA,-~a„ OA^~a^, etc. Also let P denote the resultant, and x its 
distance from O. 


, 

Lj 

L 

IajT j 

At j 

A 4 


V 


1 ■■ i 



Find the resultant of any two of the forces, as and P„ by 
§ SS4' denote this resultant by P, we have 

P' = P,+P,. 

Divide A^ A,, in F into parts inversely as the forces, so that 

Hence if we denote 0£’ by a/ we have 

Pi X {x' - a^) = P, X (a, - x') 
or (P, + P.);^'-P,«i + P.a„ 

that is P' x’ = J\ + P, a^. 

Similarly we shall find the resultant of P and P, to be 
P'«P + P,^P, + P, + P,; 
and P'x"- Pxf + P, = P, dr, + P, -f P, tr,. 

Hence, finally we have 

7e-p,+p. + p, + + -p„ (I), 

and Fx = pj a ■** -^a • • • + 

In this method negative forces or negative values of any of thei 
quantities <r„ a ^, ..., maybe included, provided the generalized rules of 
multiplication and addition in algebra are followed. 

657. Any number of parallel forces not in one plane. To fjnd thg 
resultant, let a plane cut the lines of all the forces, and let the points! 



in which t!\ey are cut he specifictl by rcfercnre to tw-o rectang' 
axes in the plane. _ Let the pl.inc he }'(hV; <hV, (U\ the axe; 
reference, 0 the origin of ca>-urtlin.ites, and -h. e/^., ete., thepo 
in whicli the plane cuts the lines of the loi'C<‘;, J\, etc 'I 

each of these points will be S}>eciUed by pcrpciutii ulats drawn f 

it to the axis. Let the co-oidin: 

JT of the point e/, he <ieiiotcd hy .v, 

uf^'/a* L L; and so on; that 
(W, : .v,, A-,;-/, V,; e.V, .v,,A' 

_ -Ji,, etc.; let also tire tiii.d resuhan 

j tlcnotcd hy A', anil its toradinatc: 
a- and v. 

Find the resuU.nrt of and J* 


joining 


and dividing the 


q! X — XpL — inversely as the forces. Suppose 

A -oi J t point is\ which this resultant < 

the plane of reference. Then 

To find the co-ordinates, which way he denoted ^hy .v'j', of 
point Ai' with reference to OX and O}'; draw A' A” perpendie 
to OX anti cutting it in A", and from th.nv A' p.u.dleno i 
or perpendicular to and cutting it in A' and A" A” in 

'’I'lu'n V> i\ 


Then (Euclid vi. a) 


Mence 


whence we get 
and since 


we have 


and similarly, 


y/. A' : AV/, : : JJf ; MX. 

J\^X,M /\<MX, 

J\ (a — .V,) > J!\j ( Vj, "" .\ ), 

(/Vf /;)aL :/Vv. t 

Xx' J\x, + /vv,, 
A”/ a J\}\ + 


We may find the resultant of A' and /’, in like manner, ant 
with all the forces. Hence vve have for the filial resultant. 


+ K/; I- 

A.e = A,.T, ... + /X 

A> = J\y, + 4. 4- ... + /(, j; 


These equations may include negative forces, or negative 
ordinates. 


668. Conditions of equilibrium of any number of p.iral!el foi 
In order that any given parallel forces may be in etpiilibrium, 
not sufficient alone, that their algebraic sum be equal to zero. 

For, let A = A + A., + eic. = 0 , 
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From this equation it follows that if the forces be divided into two- 
groups, one consisting of the forces reckoned positive, the other of 
those reckoned negative, the sum, or resultant (§ 556), of the former 
is equal to the resultant of the latter; that is, if and 'F denote the 
resultants of the positive and negative groups respectively. 

But unless these resultants are directly opposed they do not balance 
one another; wherefore, if and ('ar'_y) be the co-ordinates of 

^ and 'R respectively, we must jiave for equilibrium 

/ic = 'x 
and 

whence we get 'R'^ = o 

and fR ,y- 'R'y = o. 

But ^ yc is equal to the sum of those of the terms FyX^y F^x^, etc., 
which are positive, and 'R'x is equal to the sum of the others each 
with its sign changed : and so for J^,y and 'Ry. Hence the pre- 
ceding equations are equivalent to 

R^x\ + P.fX^ + = o. 

All + F^y^ + + 

We conclude that, for etiuilibrium, it is necessary and sufficient that 
each of the following three equations be satisfied : — 

F, + F,-i.F^+ •hF„ = o (6), 

jPiJCi FjXj, -f F^x^ + + F^x^ =3 o (7), 

F^yy + F,y, + F^y^+ + = o (8). 

559 . If equation (6) do not hold, but equations (7) and (8) do, the 
forces have a single resultant through the origin of co-ordinates. If 
equation (6) and either of tlie other two do not hold, there will be a 
single resultant in a line through the corresponding a.xis of reference, 
the co-ordinates of the other vanishing. If equation (6) and either of 
the other two do hold, the system is reducible to a single covqde in a 
plane through that line of reference for which the sum of the products 
js not equal to nothing. If the plane of reference is perpendicular to 
the lines of the forces/ the moment of this couple is equal to the sum 
of die products not equal to nothing. 

560 , In finding the resultant of two contrary forces in any case in 
which the forces arc unequal — the smaller the difference of magnitude 
between them, the farther removed is the point of application of the 
resultant. When the difference is nothing, the point is removed to 
an infinite distance, and the construction (§ 555) is thus rendered 
nugatory. The general solution gives in this case R = 0; yet the 
forces arc not in equihbriuii', since they are not directly oppo.^cd. 
Hence two equal contrary forces neither balance, nor have a single 
resultant. It is clear that they have a tendency to turn the body to 
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which they are applied. This system was by Puinsot denomina 
a couple. 

In actual cases the direction of a couple is generally reckor 
positive if the couple tends to turn contrary to the hands of a vva 
as seen by a person looking at its face, negative when it tends 
turn with the hands. Hence the axis, whii h may be t.iken to rei 
sent a couple, will show, if drawn according to the rule gjven in § 2 
.whether the couple is positive or negative, according to the side of 
plane from which it is regarded. 


6G1. Proposition I. Any two couples iir the same or in {lara 
planes are in equilibrium if their inoincuts are equal and they tern) 
turn in contrary directiontc 

i“. Let the forces of the first couple be parallel to those of 
second, and let all four forces be in one plane. 

Let the futces <tf the first couple 
jP in A/i' and C/^ ami of the sect 
y' in A'Ji' and f'7/. Draw any 1 
RR' across the lines tif the hirccs, t 
ting them resjiectively in points R, 
JY and R ' cheii the numietu of 
first ctmple is i’./.V-'.uul of the sect 



JP'.RfR ' and since the moments are equal wc have 
J\ RR- r\ KR\ 


Of the four forces, P in AH and in 6'7/ act in similar tlir 
‘tions, anti P in CJ) anti /*' in A'R' alst> act in sinular tlifcctlo! 
and their resultanis res[iectively can be detenuinetl by the gt'Uf 
method (-i 55^)- '^’he resultant tif P 'm AP, and In is tl 

found to be.equ.al to /'+ anil if ///. is the line in which it actrr 
P. yAL- RR'. 

Again, we have y. RR^- R. R R: 

Subtract the first rncrnlicr of the latter equation from the f 
member of the former, and the second member of the latter horn 1 
second member of the former: there remains 
R. RK- : P'. RR, 

from which we conclude, that the resiiUant of P in CP and 
A'Jf is in the line 7//. Its magtiitude is P-h R. 'Phus the giv 
system is rcducetl to two equal resultants actmg in opjMe.ite tiiret tit 
in the same straight line. 'Phesc balance one anuiher, atul therefi 
the given system is in et|uiU))rium. 

Corollary. A couple may be transferred from its own arm to a 
other arm in the same line, if its moment be nut aUered. 


562, Proposition I. 2 “. All four forces in one plane, but Usose 
one couple not parallel to those of the other. 

I’roduce their lines to meet In four points; and consider tlic par 
lelogram thus formed. The products of the .sides, each into its p 
pendicular distance from the side parallel to i^ arc etpial, each prodi 
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being the area of the parallelogram. Hence, since the moments of the 
two couples are equal, their forces are proportional to the sides of the 
parallelogram along which they act. And, since the couples tend to 
turn in opposite directions, the four forces represented by the sides of 
a parallelogram act in similar directions relatively to the angles, and 
dissimilar directions in the parallels, and therefore balance one 
another. 

Corollary. The. statical effect of a couple is not altered, if its arm 
be turned round any point in the plane of the couple, 

663. Proposition I. 3®. The two couples . not in the same plane, 
but the forces equal and parallel. 

Let there be two couples, acting re- 
spectively on arms EF and EF', which 
are i)arallel but not in the same plane^ 

Join EF' and EF. These lines bisect 
one another in O. 

Of the four forces’, P <yi\ F and E on 
E act in similar directions, and their resultant, equal to P4- /*', raajr 
be substituted for them. It acts in a parallel line through O. Simi- 
larly P on E and .J^ on F' have also a resultant equal to P-{- P' 
through 0-, but these resultants being equal and opposite, balance, 
and therefore the given system is in equilibrium. 

Pemark i. — A corresponding demonstration may be applied to 
every case. of two couples, the moments of which arc equal, though 
the forces and arms may be unequal,' When the forces and arms are 
unequal, the lines EF', EFcnt one another in 0 into parts inversely 
as the forces. 

Remark 2, — Hence as an extreme case, Proposition I, i“, may be 
brought under this head. Lei; EF'ho the arm of one couple, 
of the other, both in one straight line. Join FE^ and divide it 
inversely as the forces. Then FK :: KE :: EF \ EF' and EF' is 
divided in the same ratio.. 

Corollary. Transposition of couples. Any two couples in the 
same or in parallel planes, are equivalent, provided their moments 
arc equal, and they tend to turn in similar directions. 

564. Proposition II. Any number of couples in the same or in 
parallel planes, may be reduced to a single 
resulumt couple, whose moment is equal to the 
algebraic sum of their- moments, and whose 
plane is parallel to their planes. 

Keduce all the couples to forces acting on 
one arm AD^ which may be denoted by a. 

I'hcn if/*,, I\y jP.,, etc., be the forces, the mo- 
incnl.s of the couples will be /*,«, P.,a^ P^a, 
etc. Thus we have P,, P,, I\., etc., in AK., 
reducible to a single force, their sum, and 
similarly, a single force I\ + P^+ etc., in EL. 





These ttvo forces constitute a couple whose inoment is (/\ + . 
+ etc.) a. But this proiluct is optul to + /*„« + eh 
the .sum of the moments of the giv<*n couples, and therct'ore ai 
nuuiher of enupU s, etc. If any of the c.oufiles act in the dircctit 
opposite to that reckoned jHisitive, their moments must be rockom 
as nei';ative in the .simu 


5G5. Proposition III. Any two couples not in par.allel pbn 
may be reduced t() a siiipje result.uit <'uuple, whose axis is tl 
di.ii'.onal tlmniph the point of refeicmx of the p.u'.dlelop.ram d 
iiciilnal upon tlieir axes. 

i”. Let tlie planes of the two couples cut tlic |ilane of the di.igra 

perpetuiicul.uly in tlic lines --/id' ar 
y»7»' respeetively ; kt the plane.S 
the Couples also cut each other in 
line euttiOf' the itlane of tlie diagra 
in (I 'riirottgh O, ;is a pcu'nt of r 
ference, dr.iw OA‘ tlu* axist.f the fit 
couple, juul OA the axis of the s 
cond. On {>A'and OZ con;.triu;t tl 
parallelogram Its diagon 

OJf is the axis of the resultant cuupl 
i.et the moment of the couple aetistg in the plane ZVr , he denote 
by C;, and of that in ///f, by JZ For the given nmples, ‘.ubstitu 
two others, with arms ctpial re-spcctively to G-’ and //, and tlterefo; 
with foree.s eipial to unity. 

From ()/>' and OJ measure off OJi G, and OFmJZ and let the: 
line;; be taken as the mans (;f the two couples respectively. T! 
forces of tile <‘oupIes will thus be perpendicular to Uie plane of tl 
<!iap,r.im: those of the fust, acting outwanls at A', ami inwards at C 
ami those of the .seeoml, outsvards at O, ami iuw.irds at A! Thus, i 
the four equal forees which we have iti all, there are two etpial an 
opposite at O, which therefore balance one another, ami rnay^l. 
removed; and there remain two equal parallel forces, one aetir 
outwards at IC, and the other inwards at J% which constitute a couji' 
•on an aim A'A' 

This .sinj'lo couple is therefore cfjuiv.ih’nt to the two given couple 

2 ”. It remains to be proved th.it its axis is (Khf, Join AYs A 
liy c‘om. miction, OZ ;»nd f^A' arc rrspn tivi-ly pctpcndiciil.ir to (>,- 
and (>J!, the aiitdtr A‘rY. is r-qit.d to tlu- aipdc -•AY'*', llcmc, 
the Mipph-uiful of the ttiimrr i-. equ.il to A‘( 7% the supplement of tf 
latter. But AAYs equal to (IA‘; earl; being nju.d to the moment ( 
tlu: fir a of the f'iven tiuiph's ; and thcriiore /.I/, which is equal I 
the foinier, i-. equal to O/C. Snihlatly i>L is rs|ual to OZl Thus the! 
are twn tti.mgU"., Jf/j) and FaG% with twtt sales of one respective! 
<-qt!;il to two sidi-, uf the t.lluT, asul the font. lined angles equal : tluT' 
hiir the n io.timtu', •.ides Y.1/, AY*' .uc equal, and tlie un.ejes AYJ, 
OJ-B are equal. But since OL i.s peipcmUt ular to OJ\ fLV 



perpendicular to EF. Hence OM is the axis of the resultant 
couple. 

666, Proposition IV. Any number of couples whatever are either 
in equilibrium with one another, or maybe reduced to a single couple, 
under precisely the same conditions as those already investigated for 
forces acting on one point, the axes of the couples being now taken 
everywhere instead of the lines formerly used to represent the forces'. 

I®. Resolve each couple into three components having their axes 
along three rectangular lines of reference, OX, OY, OZ. Add^all 
the components corresponding to each of these three lines. Then 
if the resultant of all the couples whose axes are along the line 
OX, be denoted by L, 

») 

OZ, ,, ,f JY, 

and if 6^ be the resultant of these three, have 

and if r}} he the angles which the axis of this couple G, makes 
with the three axes OX, OY, OZ, respectively, we have 

. Z M . N 

cos 4 = ^ ; cos Tj cos v = 


567 . 3®. Conditions of equilibrium pf any number of couples. For 
equilibrium the resultant couple must be equal to nothing : but as it is 
compounded of three subsidiary resultant couples in planes at right 
angles to one another, they also must each be equal to nothing. The 
remarks- already made, and the equations already given in §§ 47 r, 472, 
apply with the necessary modification to couples also. Thus, for 
instance, the equations of equilibrium are' 

G, cos + G^ cos fg +• G^ cos + etc. = o, 

G, cos 17, + G^ cos + G^ cos •>;» + cto. = o, 

6^1 cos 0, + G<i cos + G„ cos 0^ + etc. o. 


566 . Before investigating the conditions of equilibrium of any 
number of forces acting on a rigid body, we shall establish ^omc 
prelirainAry propositions. 

1'*. A force and a couple in the same or in paralld .planes rtiay be 
reduced to a single force. Let the plane of the couple be the plane 
of the diagram, and let its moment be 
denoted by G. Let F, acting in the 
line OA in the same plane, be the force. 

Transfer the couple to an arm (which may 
be denoted by a) through the point O, such 
that each force shall be equal to i?; and let 
its' position be so chosen, that one of the 
forces shall act in the same straight line with 
E in OA, but in the opposite direction to it 



G 



sob 
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R and C being known, the length of this arm can l>d found, fc 
since the moment of the transposed couple is 

Ra= G 

^ G 

we have a - 

Through (^then, draw a line C? <7 perpendicular ' to OA^ making ; 
equal to a. On this arm apply the couple, a force equal to R, actin 
on (7 in a line perpendicular to Off, and another in the opposit 
direction at the other extremity. There are now three forces, two c 
which, being equal and opposite to one another, in the line A A', ms. 
be removecL One, acting on the point O', remains, which, is. then 
fore equivalent to the given system. 


569. s®. A couple and a force in a given line inclined to its plan 
may be reduced to a smaller couple in a plane perpendicular to th 
force, and a force equal and parallel to the given force. 

ILet O A be the line of action of the force It 
and let OR be the axis of the couple. Le 
the moment be denoted by G ; and let A 01 
the inclination of its axis to the line of th 
fbrce, be 0. Draw OB perpendicular to O^ 
.By Prop. I'V’. (§ 566) resolve the couple int 
tw'o components,, one acting round OA a 
axis, and one round OB. • Thus the compc 



nent round OA will be 


<?cos^ 


and .the component-roimd OB,. 


G sin 6. 


iNow as sin 0 acts in the same plane as the given force R, this com 
ponent together with R may be reduced by § 568 to one force. Thi 
force which is equal to R, will act not at C? in the line OA, but in i 
parallel line through a point O' out of the plane of the diagram. Thu 
fhe given system is reduced to a smaller couple G cos . 6, and to ; 
force in a line which, by Poinsot, was denominated .the central axis d 
the system.. 


Any number, of forces, may be reduced to a force. am 


570, 3® 
a couple. 

Xet acting on be one of a number of forces acting ii 
different directions on different points of a rigi( 
body. Choose any point of reference O, for th 
.different forces, and through it draw a line Aj^ 
parallel to the line of the first force R,. Through C 
draw 0'<7 perpendicular to A A' or the line of th 
force j?\. • In the line A A' introduce two equal op 
pbsite forces, each equal to R. There are no\ 
■three forces, producing the same effect as the ^vei 
forc^ and they may be grouped differently ; actin; 
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in 0 in the line OA, and a couple, acting at (7, and Fi at O in 
the line OA', on an arm OU* Reduce similarly all the other forces, 
each td. a force acting on O, and to a couple. But all the couples 
thus obtained are equivalent to a single couple, and all the fordes are 
equivalent to one force. Hence, &:c. 


671. Reduction of aiiy number of forces to their simplest equi 
valent system. 

jSuppOse any number of forces acting in any directions on different 
points of a rigid body. Choose three rectangular planes of reference 
meeting in a point O, the origin of co-ordinates. In order to effect 
the reduction it is necessary to bring in all the forces to the point O^ 
This may be done in tw^o different ways — either in two steps, or 
directly. 


672. Let the magnitudes of the forces be Fx, F„ &c., and the 
c^rdinates, with reference to the rectangular planes, of die points at 
which they act respectively, be &c. let also 

the direction cosines be (4) ^)> (4) &c. Resolve each 

force into three coiUponents, parallel to OX, OV, OZ, respectively. 
Thus, if {Xii Vit Z^, &C., be the components of i\,. &c., we ^all 
ihave 

Xx^Fxlxi &C. (i) 

Yx^FiiTh', Y^FxPix\ &c. (2) 

Fiftif ^Oi { 3 ) 


To transfer these components to the point O* let in MX, be 
the component, parallel to OX, of the force ij acting on the point Mi 
From M transmit it along its line to a 
point JV" in the plane ZOYx the co-or- 
dinates ofthispoint will b ey„ z,. From 
^draw a perpendicular NB to OY, 

Und through B draw a line parallel to 
MX or OX. Introducing in this line 
a pair of balancing forces each equal 
to J^i, we have a couple acting on an 
arm z, in a plane parallel to XOZ, 
and a single, force X, parallel to OX 
in the plane XO K The moment, of 
this couple is X^z,, and its axis is along 
OV. Next transfer the force X^ from B to O, by introducing a palj 
of balancing forces in X OX, one of which, with the force X, in thii 
line through B parallel to X'X and the direction similar to OX, fomi 
a couple acting on an army^. This couple, when-y^ and X, are both 
positive, tends to turn in the plane XO Y from to OX, Therefore 
by the jmle, § aoi, its axis must be drawn from <9 in the direction OX, 
Hence its moment is to be reckoned as - Besides this couple 

inhere remains, a single force equal to X„ in the direction OX, through 
the poipt O, Similarly by successive steps tjansfer the forces Y^ Z^^ 
Vol. 23—10 
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to the origin of co-ordinates. In this way six couples of transfere 
are got, three tending to turn in one direction round the axes resi 
tively, and three in the opposite direction; and three single force 
right angles to one another, acting at the point O. Thus for the fc 
jP,, at the point (.'Tj,/,, we have as equivalent to it at the p< 
Oy three forces Vi, Z^, and three couples; 

Z^y^- Y^s^l moment bf the couple round OX; 

moment of the couple round OY; 
moment of the couple round OZ 

All the forces may be brought in to the origin of co-ordinates i 
similar way. 

673. 2°. Otherwise: LetP be one of the forces acting in the ' 

AfTon a point ATof a rigitl body. 
O be the origin of co-ortlinates; ( 
OV, QZ, three rectangular lines of 
fercnce. Join Oi/ and produce the 
to .S'. From O draw ON, cutting 
right, angles in the point N, the 
A/fr'produced through Af. I,et i 
be denoted by /, and the angle T. 
by K, In a line throvigh 0 paralle 
A/T (not shown in diagram) siipt 
introduced a pair of balancing forces each ecptal to J\ We li 
thus a single force equal to J* acting at 0, and a couple, wl; 
moment is /)', in the plane ONAf. The direction cosines of 
plane, or, which i.s the same thing, the direction cosine.*! of a 
pendicular to it, that is, the axis of the couple are (§ 464), if wc dcr 
them by tp, x, ft respectively, 






Sin K 


X 



sm K * 


f 





sin K 


Now in the triangle ONAf, 

ONm (PAfsin OAfN, 

K. 


that Is 
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Hence, if we substitute p for its value in the three preceding equations, 
the expression for the direction cosines are reduced to 


, « V - mz 

p ■ 

< 7 ) 

tz — nx 

><= ^ • 

(8) 

mx—lv 

P v 

< 9 ) 


To find the component couples round OX^ OYy OZy multiply these 
direction cosines respectively by Ppi whence we get 

Fp. 4 *^ F{ny - mz), moment of couple round OXy { i o) 
Fp.X-F(lz- nx\ moment of couple round < 91 ^ ( 1 1 ) 

Fp.^’o^F {mx - ly), moment of couple round OZ. ( 1 2) 

That this result is the same as that got by the other method' will be 
evident, by considering that (equations i, 2, 3), 

FUX; Fm=Yy Fn^Z 


674 . 'When by cither of the methods all the forces have been re* 
ferred to ( 9 , there is obtained a set of couples acting round OX, O Y, 
OZ-, and a set of forces acting along OX, 0 Y, OZ. Find then the 
resultant moments of all the couples ; and the sums of all the forces ; 
if Z,J\f, Nhe the resultant moments round OX, OY,OZ respectively, 
we luve 

Z » {Z, y, - Y, z) 4- (Zyyy - F, <13) 

(Xy Zy -ZyX^ + {Xy Zy-ZyX^ + &C. (.I4) 

N^{YyXy-Xyy) +(F,:v,-X,y,) + &c. (15) 

and if X, y, Z.ho the resultant forces, 


zr=zr,+zr,+z;+&c. 

(16) 

F=y,+ y,+ y,+&c. 

(17) 

Z = Zy 4 * . 2 ^ + Zy 4 * &C. 

(18) 


676 . Finally, find the resultant of the three forces by the formulae 
of Chap. VI, and the resultant of the three couples by Prop. IV 
(§566). Thus, if /, n be the direction cosines of the resultant force 
F, we have (§§ 463, 467) 


/= 


X 


tn = 


y 



(19) 


and if X, /a, v be the direction cosines of the axis of the resultant 
couple, we have (§ 566) 


. Z M 

O’ (jr 


N 

V <0 -Q. 


(20) 
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576. Condition.s of Equilibrium. The conditions of equilibri 
of throe forces at rii'lit angles to one another have been already sta 
in § 470; and the conditions for three rectangular couple.s in § 56; 

If a body be acteil on by three forces atid three couples sin 
taneou.sly, all the conditions appliealile when they act separately, m 
also be satisfied when they act conjointly, since a fon:e cannot balai 
a couple. Six Equations of Equilibrium therefore are necessiiry ti 
sufiicient for a rigid body acted on by any number of forces. Th 
are 

co.s u, + 1\ cos <j, + ike. --- o,. 

J\ COS/Ij + COS/?a + kc. ~ Oy 

J\ co.s'/, + J\ cos + &c, -- o, 
cos llj + Crj COS ^ 4- itC. = Of 

Gy cos % + Gi cos t;, + &C. 33 o,, 

Gx cos Qy 4- C?, cos (l?j 4- &C. C o. 

677. If the line of the resultant found by § 575 , is perpendict 
to the plane of the couple, that is, if 

Xa/, fM.imf v^n} 

L M N , 

or ^ 

the system cannot he reduced to another with a force an<I a .smal 
couple, and in this case tlic line found for the resultant fvtrcc is ' 
central axis of the system. 

678, If, on the other haitd, the plane of the couple is parallel to 1 
line of the force, or the axis of the couple perpendicular to the litu 
the force, that is, if 

A. 4- sw/x 4- nv » Oj. 

or LX-^My^NZ^.Of { 

the force and couple may (§ 568 ) be reduced to one force ; and t 

force IS parallel to the former, at a distance from it equal to 

the plane of it and the coujde. Thus, XCI tieing the foot of 1 
perpendicular from the origin on the line of action of the result; 
force, OD will be pcrjjendicular to the line of the rc‘adtant force, a 
to the axis of the resultant couple, and therefore its direction co.sii 
are (§ 464, b)’, 

mv - nk — /vj //a - mk, (; 

each of which will be positive wlien <7 lies within the solid an, 
edged by OX, OY, OZ, Hence, remembering that * 

using the expressions (x 9 )and (aq), we find for the coordinates of 
YN-^ZM ZL^XN XM-YL 

-gj 
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and we thus complete the^ specification of the single force to which 
the system is reduced when (22) holds. 

679 . If the line of the force is inclined at any angle to the plane 
of the couple, the resultant system can be further reduced by § 569, 
to a smaller couple and a force. in a determinate line, the ‘central 
axis.* This couple is G cos 0 , and according to the notation, may be 
thus expressed by § 464, (7), if we substitute the values given in (19) 
and (20), 

_ . XL+YM+ZN , , 

Gcos 6 <» . { 25 ) 

The other component couple, G sin d, lies in the same plane as F, 
and with it may be reduced by §568 to one force, which will be 
parallel to F, that is, in the direction (/, «), at a distance from it 

equal to ^ , Hence the direction cosines of OD will be 

Wv — fiK — Iv ifx — mX . . 

sin0 * sin0 ’ sin^ ' 

Substituting in each of these for /, X, &c., their respective values, 

G sin Q 

and multiplying each member by — — , we have for the co-ordinates 
of the point < 7 , as in § 578, 

YN-ZM ZL~XN XM-YL 

A single force, F, through the point thus specified in the direction 
(/, tn, n)f with a couple in a plane perpendicular to it, and having 

XL^YM^ZN 

F 

for its moment, is consequently the system of force along central axis 
and minimum couple^ to which the given set of forces is determinately 
reducible by Poinsot’s beautiful method. 

580 . The position of the central axis may be determined other* 
wise; thus, instead of in the first place bringing the forces to <?, bring 
them to any point 2 ^ of which let {x, jv, «) be the co-ordinates. Then 
instead of &c., which we had before (§ 574), we have now 

or YiZ^ + Y^z^ + &c. -{Y^ + Y^^ &c.) z, 

and so for the others. Then for the moments of the couples of trans- 
ference we have 

2 = 7 - {Zy-Yz\ 
m--M-{Xz-Zx\ 

M->N-(Yx-Xy). 

Now, let T be chosen, if possible, so as to make the resultant 
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couple lie in a planQ perpendicular to it. The condition to be fub 
filled in this case is 

X" * 

which, when for H, &c., we substitute their values, becomes,. 
L-{Zy-Y%) M--{Xs~Zx) N~{Yx~Xy). 

■■.. J: m JO f ^ 

which is the equation of the central axis of the system. 

To show that (Y, the point determined in ^ 578, 579, is in the 
cehtral axis thus found ; we have, substituting for x, 7, the values 
given in (24), 

£ ^ ~ m + YiXM- VI ) 

'» ID &:c. 


deducing, and remarking that 
we find that the first member becomes 


and is therefore equal to each of the two others. Tlius is verified the 
comparison of the two methods. 


681. In one respect, this reduction of a system of forces to a 
couple, and a force perpendicular to its plane, is the best and simplest, 
especially in having the advantage of being determinate, »uul it gives 
ver^ clear and useful conceptions regarding the cn'cct of force on 
a rigid body. I'hc system may, however, be further reduced to two 
equal forces acting symmetrically on the rigid body, fuit whose ih>- 
?ition is indeterminate. Thu.s, supiiosing the central axis of the 
sy.stem has been found, draw a line AA\ at right angles through any 
point C in it, so that CA may be etjual to CA^. For A\ acting along 
the central axis, substitute at each end of AA'. Thus, choo-sing 
this line AA' as the arm of the coujile, and cdling it a, we have at 


G 

each extremity of it two forces, -- perpendicular to the central axis, 
and Ji? parallel to the central axis. Compounding these, we get 
two forces, each equal to , through A and A' re- 

spectively, perpendicular to AA\ and equally inclined at the angle 
2 Ct 

tan“' ^ on the two sides of the plane through AA' and the central 


axis. 


682. It is obvious, from the formulae of § 195, that if masses pro- 
portional to the forces be placed at the several points of application 
of these forces, the centre of inertia of these masses will be the Mmc 
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point in the body as the centre of parallel forces. Hence the re- 
actions of the different parts of a rigid body against acceleration in 
parallel lines are rigorously reducible to one force, acting ait the centre 
of inertia. The same is true approximately of the action of gravity 
<jn a rigid body of small dimensions relatively to the earth, and hence 
the centre of inertia is sometimes (§ 195) called the Centre of Qrewity. 
But, except on a ccntrobaric body (§ 543), gravity is not in general 
reducible to a single force • and when it is so, this force does , not pass 
through a. point fixed relatively to the body in all positions. 

583. The resultant of a system of parallel forces is not a single 
force .jvhen the algebraic sum of the given forces vanishes. In 
this case the resultant is a couple whose plane is parallel to the 
common direction of the forces. A good example of this is furnished 
By a magnetized mass of steel,, of moderate dimensions, subject to the 
influence of the earth’s magnetism only. As will be shown later, the 
amounts of the so-callcd north and south magnetisms in each element 
of the mass are equal, and are therefore subject to equal and opposite 
forces, all parallel to the line of dip. Thus a compass-needle expe- 
riences from the earth's magnetism merely a couple or directive action, 
and is not attracted or repelled as a whole. 

684. If throe forces, acting on a rigid body, produce equilibrium, 
their directions must lie in one plane; and must all meet in one point, 
or bo pardllel For the proof, wc may introduce a consideration 
which will be very useful to us in investigations connected with the 
statics of flexible bodies and fluids. 

If any forces, acting on a solid or fluid body, produce equilibrium, we 
may suppose any portions of the body to become fixed, or rigid, or rigid 
and fixed, without destroying the equilibrium. 

Applying this principle to the case above,' suppose any two points 
of the body, respectively in the lines of action of two of the forces, to 
be fixed — the third force must have no moment along the line joining 
these points; that is, its direction must pass through the line joining 
them. As any two points in the lines of action may be taken, it 
follows that the three forces are coplanar. And three forces in one 
plane cannot equilibrate, unless their directions are parallel or pass 
tlirough a point. 

686, It is easy and useful to consider various cases of equilibrium- 
when no forces act on a rigid body but gravity and the pressures, 
normal or tangential, between it apd fixed supports. Thus, if one 
given point only of the body bo fixed, it is evident that the centre of 
gravity must be in the vertical line through this point — else the weight 
and the reaction of the support would form an unbalanced couple. 
Also for stable equilibrium the centre of gravity must be below the 
point of suspension. Thus a body of any form may be made to 
stand in stable equilibrium on the point of a needle if we rigidly 
attach to it such a mass as to cause the joint centre. of gravity to be 
below the point of'the needle. 


216 4BSrA\4 CT jDVjVAM/CS. 


58G. An interesting case of cjnilibrlum is suggested hy what are 
called Rocking Stones, where, whether by natural or by artiticial pro- 
cesses, the lower surface of a loose mass of ruck is worn into a convex 
form which may be approximately spherical, while the bed of rock on 
which it rests in equilibrium is, whether convex or concave, also ap- 
proximately sfdierical, if not plane. A loaded sphere resting on a 
spherical surface is therefore a tyi'c of siu h cases, 

Let 0, O' be the centres of curvature of the fixed and rocking 
bodies respectively, when in the position of ci[ui!ibriuni. 
Take any two iutinitely small eipial arcs /’<J, JY and 
at Q make the angle (yQB cijual to ^Vhen, by 

displacement, (j and /> becaunc the points in contact, 
(JA* will evidently be vertical ; and, if the centre of 
gravity 6 ', which must be in 0/'C>' wiieu the nmvahle 
body is m its position of equilibrium, be to the left of 
<2 A’, the eipulibnuin will obviously be staldc. I lent e, 
if it be below A’, the equilibrium is stable, and not 
unless. 

Now if p and <r be the radii ot curvature OJ\ O'P 
of the two surfaces, and 0 the angle /'(>/, the angle 

QO'Ji will be equal to j and we have in the triangle 



QO'B (§ 119 ) 


: or : : sin ^ : sin (^0 + 


: ; o- ; or + /) (approximately). 

Hence PB O’ — — '-p ; 

ir +• p p +■ o 

and therefore, for stable equilibrium, 

p+er 

If the lower surface be plane, p is infinite, and the condition becomes 
(as in § 256 ) 

PG<cr. 

If the lower surface be concave, the sign of p must be changed, and 
the condition becomes 


PG< 


(xr 

p — <r* 


which cannot be negative, since p must be nutnericaHy greater than <r 
in dus case. 


687. If two points bd fixed, the only motion of which the system is 
capable is one of rotation about a fixed axis. The centre of gravity 
must then be in the vertical plane passing through those points, and 
delow the line adjoining them for stable equilibrium, 

588, If a rigid body rest on a fixed surface, there will in general be 
only ihm points of contact, § 380 ; and the body will be in stable 
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equilibrium if the vertical line drawn from its centre of gravity cuts 
the plane of those three points within the triangle of which they form 
the corners. For if one of these supports be removed, the body will 
obviously tend to fall towards that support. Hence each of the three 
prevents the body from rotating about the line joining, the other -two. 
Thus, for instance, a body stands stably on an inclined plane (if the 
friction be sufficient to prevent it from sliding down) when the vertical 
line drawn through its centre of gravity falls within the base, or area 
bounded by the shortest line which can be drawn round the portion in 
contact with the plane. Hence a body, which cannot stand on a 
horizontal plane, may stand on an inclined plane. 

589 . A curious theorem, due to Pappus, but commonly attributed 
to Guldinus, may be mentioned here, as it is employed with advantage 
in some cases in finding the centre of gravity of a body — though it is 
really one of the geometrical properties of the Centre of Inertia, It is 
obvious from § 195. If a flanc dosed airve revolve through any angle 
about an axis in its flane, the solid content of the surface generated is 
equal to the product of the area of cither end into the length of the path 
described by its centre of gravity ; and the area of the airved surface is 
equal to the product of the length of the curve into the lc 7 igih of the fath 
described by its ccfitre of gravity. 

590 . The general principles upon which forces gf constraint and 
friction are to be treated have been stated above (§§ 258, 405). We 
add here a few examples, for the sake of illustrating the application 
of the.se principles to the equilibrium of a rigid body in some of 'the 
more important practical cases of constraint 

591 . The application of statical principles to the Mechanical Powers., 
or elementary machines, and to their combinations, however complex, 
requires merely a statement of their kincmatical' relations (as in §§ 91, 
97, 1 13, &c.) and an immediate translation into Dynamics by New- 
ton’s principle (§ 241); or by I.,agrange’5 Virtual Velocities (§ 254), 
with special attention to the introduction of forces of friction, as in 
§ 405. In no case can this process involve further difficulties than 
arc implied in seeking the geometrical circumstances of any infinitely 
smalt disturbance, and in tiic subsequent solution of the equations to 
which the translation into dynamics leads us. We will not, therefore, 
stop to discuss any of these questions; but will take a few examples 
of no very great difficulty,, before for a time quitting this part of the 
subject. The principles already developed will be of constant use to 
us in the remainder of the work, which will furnish us with ever- 
recurring opportunities of exemplifying their use and mode of appli-- 
cation. 

Let us begin with the case of the Balance, of which we promised 
(§ 384) to give an investigation, 

692 , Ex. I. We will assume the line joining the points of attach- 
ment of the scale-pans to the arms to be at right angles to the Una 
joining the centre of gravity of the beam with the fulcrum. It is 
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obvious that the centre of gravity of the beam must not coincide with 
the knife-edge, else the beam would rest inclitferently in any [losmon. 
We will suppose, in the first place, that the arms are not of equal length. 

„ Let O be the fulcrum, G the 
P centre of gravity of the beam, 

^ J/ its mass; and siqipose that 
^ '"'*th loads F and () in the pans 

p ^ the beam rests (as tlrawu) in a 

position making an angle 0 with 
p the horizontal line. 

I Taking moments about < 9 , 

and, for convenience (see § 185), 
using gravitation measurement of the forces, we have 

Q {AB cos 0 4- OA sin Q) + M. OG sia& •^F (AC cos 0 - OA sin $). 
From this we find 

, . F.AC-Q.AB 

tan 6 = . 

If the amts be equal wo have 

* . (F-Q)AB 
'' “ ^(ifffA+VToa ■ 

I-Icnce the Sensibility (§ 384) is greater; (r) as the arms are longer, 
(2) as the mass of the beam is less, (3) as the fulcrum is nearer to the 
line joining the points of attachment of the pans, (4) as the fulcrum is 
nearer to the centre of gravity of the beam. If the fulcrum be m the 
line joining the [loinls of attachment of the pans, the sensibility is the 
stime for tlie same diffcrcnix of loads in the pan. 

To determine the Stability we must investigate the tunc of oscilla- 
tion of the balance when slightly disturbed. It will be seen, by rel'cr- 
cnce to a future chapter, that the equation of motion i.s aiqiroximately 

{MF + (P -1- ( 2 ) OB^) Q\Qs(AB cos 0 ^ OA sin 0 ) 

+ MgOG sin Q Pg (AC cosQ ~OA sin < 9 ) » o, 

k being the radius of gyration (§'235) of the beam. If we suppose 
the arms and their loads equal, we have for the time of an infinitely 
small oscillation 

TT / + a/*- OB 

V (ai< OA+J/I OGfg' 

Thus the stability is greater for a given load, (i) the less the length of 
the beam, (2) the less its mass, (3) the less its radius of gyration, (4) 
the further the fulcrum from the beam, and from its centre of gravity. 
With the exception of the second, these adjustments arc the very 
opposite of those required for sensibility. Hence all we can do is to 
effect a judicious compromise; but the less the mass of the beam, the 
better will the balance be, 'in ^cf/A respects. 

The general equation, above written, shows that if the length, an 4 i 
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load being increased so as to maintain equilibrium — a form of balance- 
occasionaily useful — the sensibility is increased. 

£.x. 11. Find the position of equilibrium of a rod A2S resting on a 
smooth liorizontal rail D, its lower end pressing against a smooth 
vertical wall AC parallel to the rail. 

Tl'he figure represents a vertical section through tht? rod, which 
must evidently be in a plane perpendicular to the w'all and rail. 

The only forces acting are three, F the pressure of the wall on the 
rod, hori/.ontal; .S’ that of the 
rail on the rod, perpendicular 
to the rod; JV the weight of 
the rod, acting vertically down- 
wards at its centre of gravity. 

If the half-length of the rod be 
a, and the distance of the rail 
from the wall these arc given 
— and all that is wanted to fix 
the position of equilibrium is.thc.angle the rod makes with. the wall, 
< , 

Call CAB^ 0, Then we see at once' that AD =■-. — 

sm 0 



Resolving horizontally i? - .S' cos t? = o, (i) 

vertically IV- S sin 6-o. ( 2 ) 

Taking moments aixmt A, 

S.AD- PVasln&»o, 

or Sd- WasiNO = o. ( 3 ) 

As there arc only three unknown quantities, i?, Si; and 6, these three 
equations contain the complete solution of the problem. By (?) 
and ( 3 ) 

sin "0 = -', which gives 0. 


IV 

Hence by *S= 

and by (i) F => Scos$ m PVcotO, 


£x. III. As an additional example, suppose the wall and, rail to be 
rough, and /x to be the co-efficient of statical friction for both. If the 
rod be placed in the position of equilibrium just investigated for the 
case of no friction, none will be called into play, for there will be no 
tendency to motion to be overcome. If the end A be brought lower 
and lower, more and more friction will be called into play to over* 
•come the tendency of the rod to fall between the wall and the rail, 
until we come to a limiting position in which motion is about to 
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on the wall, and acts upvarB. That at D is ix times the pressure 
on the rod, and acts in the direction JOB, Calling CAIJbsO^ in this 
case, our three equations become 

iv*, sin cos o, ( I ,) 

/ y-p.A\ “ *S, sin 0, -- cos 0^~o, (^^) 

Sib~l Va sin® (J, ^ o. ( ,) 

The directions of both tlic friction-forces passing throtigh A, ncitlier 
appears in (3,). This is why A is preferable to any other ix)int about 
whtfh to take moments. 

By eliminating A\ and 5, from these equations we get 

I - sm" ■ ■■ /t sin* d, (2 cos 0^- ix sin f^,), (.g) 

from which 0^ is to be found. Then Si is known from (31). and Ai 
from either of the others. 

If the end A be raised 'above the position of equilibrium without 
friction, the tendency is for the rod to fall tw/'rn/c thc rail; more atrd 
more friction will be called into play, till the position of the rod (^^3) 
is such that the friction reaches its greatest value, /t iime.s the pressure. 
We may thus fmd another iimitifig ivosidon^for stability; and between 
these the rod is in equilibrium in any position. 

It is useful to observe th.it in this second case the direction of each 
friction is the opposite to that in the former, and the same ec] nations 
will serve for both if we adojit the analytical artifice of changing the 
sign of fc. Thus for (•!))' 

Bx, IV. A rectangular block lies on a rough Imrirontal plane, and 
is acted on by a horizontal force whose line of action is midway be- 
tween two of the ver- 
tical sides. Find the 
niagnitude of the fort c 
when just suffunent U) 
produce motion, and 
whether the nuttion will 
be of tlic nature of sUd- 
ing t'r fuming. 

If tlic Itm e tends to 
overturn the btuly, it is 
'evident that it will turn alrout the etlge ..-sC.nnd therefore the jwessure, A, 
of the plane and the friction, S. act at that edge. Our statical condi- 
tions are, of course A^ iV 

JP 

where half the length of the solid, and a die distance of P from 
the plane, From these wc have 5» “ IFI 
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Now 6* cannot exceed wi?, whence we must not have ~ greater 

than /A, if it is to be possible to upset the body by a horizontal force 
in the line given for P 

A simple geonietrical construction enables us \o solve this and similar 
problems, and will be seen at once to be merely a graphic representa- 
tion of the above process. Thus if we produce the directions of 
the applied force, and of the weight, to meet in II^ and make at A the 
angle BAK whose co-tangent is the co-efficient of friction: there will 
be a tendeno to upset, or not, according as H\s, above, or below, AK. 

Ex. V. A mass such as a gate, is supported by two rings, A and 
J?, which pass loosdy round a 
smooth vertical post. In equi- 
librium, it is obvious that at A 
the part of the ring nearest • the 
mass, and at B the farthest from 
it, will be in contact with the 
post The pressures exerted on’ 
the rings, R and S. will evi- 
dently have the directions AC, 

CB, indicated in the diagram. If no other force besides gravity act 
on the mass, the line of action of its weight, W, must pass through 
the point C (§ 584). And it is obvious that, however small be the 
co-efficient of friction, prorided there be friction at all, equilibrium 
is always possible if the distance of the centre of gravity from the 
post be great enough compared with the distance between the 
rings. 

When the mass is just about to slide down, the full amount of 
friction is called into play, and the angles which R and S make with 
the horizon are each equal to the sliding angle. If we draw AC, 
BC according to this condition, then for equilibrinm the centre of 
gravity G must not lie between the post and the vertical line through, 
the jxjint C thus determined. If, as in the figure, G lies in tire ver- 
tical line through C, then a force applied upwards at Q^, or down- 
wards at (2 j, will remove the tendency to fall; but a force applied 
upwards at (2,, or ddwnwards at will produce sliding at once. 

A similar investigation is easily applied to the jamming of a sliding 
piece or drawer, and to the determination of the proper point of appljv 
cation of a force to move it. This we leave to the student. 

As an illustration of the use of friction, let us consider a cord 
wound round a rough cylinder, and on the point of sliding, 

Meglecting the weight of the cord, which is small in practice com- 
pared with tlie other forces; and con- 
sidering a sm.ill jiortion AB of the 
cord, such that the tangents at its 
extremities include a very small angle 
0 i let T be the tension at one end. 
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T at the other, p the pressure of the rope on the 'cylinder per ur 
of length. 

Then p.AB~ 2 Ts,\n TO approximately. Also fxp.AB-.^ T - 

when the rope is just about to slip, i.e. 

or r^{x+^0)T 

Hence, for equal small dctlections, 0, of the rope, the tensic 
increases in the geometrical ratio (i+ fxO):i; ami thus by a comme 
theorem (compound interest payable every instant) we have 7' 
if T, be the tensions at the ends of a cord wrapped on a cylimlc 
when the external angle between the tlirectiuns of the free ends is 
[< is the base of Napier's Logarithms.] We thus obtain the .singul; 
tesult, that the dimenswns of the cylinder have no inlluence on tl 
increase of tension by friction, provided the cord is perfectly llc.vible 

693. Having thus briefly considered the equilihrium of a ngi 
body, we projiose, before entering upon the subject of deformatio 
xof clastic solids, to consider certain intermediate case::, in each ( 
which a particular assumjttion is .made the basis of the inveslig; 
tion~thcreby avoiding. h very considerable aumunt of analytic: 
diflicu|ties. 

594. Very excellent examples of this kind are furnished by tli 
statics; of a flexible and Ihextensilile cord or chain, fixed at both end 
and suiiject to the action of any ftin-es. 'rhe curve in which t)i 
chain hangs in any ca.se may '-be calletl .a Cat(-nar}% although the ten 
is usually restricted to the aise of a unifonn chain acted on hygravti 
only. 

595. Wc may consider separately the conditions of equilihrium i 
.each clement; or wc may apply the general condition (§ 257 } th;u tl: 
whole potential energy is a minimum, in the case of any conservativ 
.system of forces; or, especially when gravity is the only extern; 
force, we may consider the equilibrium of Vi. finite portion of the chai 
treated, for the time as a rigid body (§ 584 ). 

696, The first of these methods gives immediately the three follot 
ing equations of eciuitibrium, for the catenaiy in general:-— 

(1) The rate of variation of the tension per unit of length alor 
the cord is equal to the tangential component of the applied fore 
per.ynit. of length. 

( 2 ) The plane of Cuiwature of the cord contains the normal con 
pohent. of tJie applied forced and the centre of curvature is on tl: 
opposite side of the arc from that towards which this force acts. 

( 3 ) The amount of the curvature is equal to the normal comnonei 
of the applied force per unit of length at any point divided by the tei 
sion of the cord at the same point. 

The 'first of these is simply the equation of equilibrium of 0 
infinitely small element of the cord relatively to tangential motioi 
The stcond and third express that the component of the resultai 
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of the tensions at the two ends of an infinitely small arc, along the 
normal through its middle point, is directly opposed and is equal to 
the normal applied force, and is equal to the whole amount of it on 
the arc. For the plane of the tangent lines in which those tensions' 
act is (§ 12) the plane of curvature. And if Q be the angle between 
them (or the infinitely small angle by which the angle between their 
positive directions falls short of ir), and T the arithmetical mean of 
their magnitudes, the component of their resultant along the line 
bisecting the angle between their positive directions is aT’sin \d^ rigor- 
ously: or 7 ^, since B is infinitely small Hence TB=Nhs if 8 s be 
the length of the arc, and NBs the whole amount of normal force 

applied to ib But (§ 9) 0 = .- ifp be the radius of curvature j and 


therefore 


1 _Ar 
P T^ 


which is the equation stated in words. (3) above. 


597 . From (1) of § 596, we see that if the applied forces on any 
particle of the cord constitute a conservative system, and if any equal 
infinitely small lengths of the string experience the same force and 
in the same direction when brought into any one position by motion 
of the string, the difference of the tensions of the cord at any two 
points of it when hanging in equilibrium, is equal to the difference 
of the potential (§ 504) of the forces between Ae positions occupied 
by these points. Hence,' whatever the position where the potential is 
reckoned zero, the tension of the string at any point is equal to the 
potential at the position occupied by it, with a constant added. 

598 . From § 596 it follows immediately that if a material particle 
of unit mass be carried along any catenary with a velocity, f, equal 
to T, the numerical measure of the tension at any point, the force 
upon it by which this is done is in the same direction as the resultant 
of the applied force on the catenary at this point, and is equal to 
the amount of this force per unit of length, multiplied by Tl For 
denoting by 5 the tangential, and (as before) by N the normal 
component of the applied force, per unit of length at any point 7? 
of the catenary, we have, by § 596 (i), .S for the rate of variation of 
s per unit length, and therefore Ss for its variation per unit of time. 

That is to say, s= Ss'=ST, 

or (§ 225) the tangential component force on the moving particle 
is equal to ST. Again, by § 596 (3), 


7 * i* 

nt=-L=-, 

P P 


or the centrifugal force of the moving particle in the circle of cur- 
vature of its path, that is to say, the normal comj^ent of the 
force on it, is equal to NT. And lastly, by (2) this force is in 
the same direction as N. We see therefore that the direction of the 
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whole force on the moving particle is the same- as that of the 
resultant of 5 and N, and its magnitude is T times the magnitude 
of this resultant 

699. Thus we see how, from the more familiar problems of the 
kinetics of a particle, we may immediately derive curious cases 
of catenaries. Fpr instance ; a particle under the intluence of a 
constant force in parallel lines moves in a paraliola with its axis 
vertical, with velocity at each point C(iual to that generated by 
the force acting through a space et|ual to its distance from the 
directrix. Hence, if z denote this_distance, and / the constant 
force, Tb^ Jafz 

in the allied parabolic catenary; and the force on the catenary is 
parallel to the axis, and is equal in amount per unit of length, to 



Hence if the force on the catenary be that of gravity, it mu.st have 
its axis vertical (its vertex downwards of course for stable equili- 
brium) and its mass per unit length at any point must be inversely 
as the sq^uare root of the distance of this |H)int above the directrix. 
From this it follows that the whole weight of any arc of it is 
proportional to its horizontal projection. 

600. Or, if the question be, to find what force towards a given 
fixed point, will cause a cord to hang in any given plane curve with 
this point in its plane; it may be answered immediately from the 
solution of the coresponding problem in ‘central forces.' 

601, When a perfectly flexible string is stretched over a smooth 
surface, and acted on by no other force throughout its length than 
the resistance of this surface, it will, when in st.able eiiuilibriuni, 
lie along a line of minimum length on the surface, between any 
two of its points. For (§ 584) its equilibrium can be neiiiier 
disturbed nor rendered unstable by placing staples over it, through 
which it is free to slip, at any two points where it rests on the 
surface and for the intermediate part the energy criterion of stable 
equilibrium is that just stated. 

There being no tangential force on the string in this case, and the 
normal force upon it being along the normal to the surface, its oscu- 
lating plane (§ 596) must cut the surface everywhere at right angles, 
'rhese considerations, easily translated into pure geometry, establish 
the fundarnental property of the geodetic lines on any surface. The 
analytical investigations of the question, when adapted to the case 
of a chain of not given length, stretched between two given point.s on 
a given smooth surface, constitute the direct analytical demonstration 
of this property. 

In this case it is obvious that the tension of the string is the same 
at every point, and the pressure of the surface upon it is [§ 596 (3)] 
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602 . No real surface being perfectly smooth, a cord or chain may 
irest upon it when stretched over so great a length of a geodetic on a 
convex rigid body as to be not of minimum length between its 
extreme points : but practically, as in tying a cord round a ball, 
for permanent security it is necessary, by staples ot otherwise, to 
constrain it from lateral slipping at successive points near enough 
to one another to make each free portion a true minimum on the 
surface. 

603 . A very important practical case ' is supplied by the con- 
sideration of a rope wound round a rough cylinder. We may 
suppose it to lie in a plane perpendicular to the axis, as we tlius 
simplify the question very considerably without sensibly injuring 
the utility of the solution. To simplify still further, we shall suppose 
that no forces act on the rope but tensions and the reaction of 
the cylinder. In practice this is equivalent to the supposition that 
the tensions and reactions are very large compared with the weight 
of the rope or chain ; which, however, is inadmissible m some 
important cases, especially such as occur in the application of the 
principle to brakes for laying submarine cables, to ergometers, and 
to windlasses (or capstans with horizontal axes). 

By § 592 we have T=i 

showing that, for equal successive amounts of integral curvature 
(§ 14), the tension of the rope augments in geometrical progression. 
To give an idea of the magnitudes involved, suppose /x = *5, tt, then 
J’«= = 4 . 81 roughly. 

Hence if the rope be wound three times round the post or cylinder 
the ratio of the tensions of its ends, when motion is about to com- 
mence, IS 

(4.8i)®-: I or about 12393 : i, 

Thus we sec how, by the aid of friction, one man may easily check 
the motion of tH^ largest vessel, by the simple expedient of coiling o, 
rope a few times round a post. This application of friction is 
.of great iniportaiiie in many other applications, especially to ergome- 
ters 389, 390, . 

601 With the aid of the preceding investigations, the student 
may easily work out iojr himself Iho solution of the general problem 
of a cord under the action of any forces, and constrained by a 
rough surface; it is not of sufficient importance or interest to find 
a place here. 

605 . An elongated body of elastic material, which for brevity 
we shall generally call a 7 mre, bent or twisted to any degree, sub- 
ject only to the condition that the radius of curvature and the reci- 
procal of the twist are everywhere very great in comparison with 
the greatest transverse dimension, presents a case in which, as we 



shall see, the solution of the general equations for the ecjuilibriuni 
of an elastic solid is cither obtainable in (iiiitc terms, or is reducible 
to comparaiively easy questions agreeing m maihcmam al c.onduions 
with some of the most elementary [irobleius of hyilrokiueties, elec- 
tricity, and thermal conduction. Ami it is only for the determination 
of certain constants depemling on the section of the wire and the 
elastic (juality of its substance, which measure its lle.vural and 
torsional rigidity, that the solutions of these problems are requireil. 
When th.e coifaiants of ilc.Kure and torsion are known, as wc shall 
now supiiose them to be, whether from theoretical calculation or 
experiment, the invesiigaiioa of the form and twist of any length 
of the wire, under the inllucnce of any forces which do not produce 
a violation of the comlitiun stated above, liccomcs a sultjeci of 
mathematical analysis involving only such {)nnciplcs and lonmilae 
as those that constitute the theory of curvaimc p-is) and twist 
in geometry or kinematics, 

GOO. before entering on the general theory of clastic solids, we 
shall therefore, according to the plan proposctl in § ^< 1 ^, c.\amiuc 
the dynamic pio[)erties and investigate the conditions ol equilibrium 
of a perlcccly elastic wire, without admitting any other condition or 
mu'.taiion of the circumstances than what is stated in ^ and 
without assuming any special ijuality of isotiojty, or of crystalline, 
fibrous or lainmaiod structure m the substance. 

G07. Besides showing how the constants of llcxural ami tor- 
sional rigiiUiy are to be detemnned theoretically from the form of 
the transver.se section of the wire, and the proper data a.s to the 
elastic qualities of its substance, the complete theory simply in- 
dicates that, provided the coiuliiional hmii of deformation is not 
exceeded, the following laws will be obeyed by the wire under 
stress : — 

Let the whole mutual action between -the part.s of the wire on the 
two sides of the cross section at any point (being of course the actiuia 
of the matter infinitely near this plane on one side, upon the matter 
infinitely near it on the other side), be reduced to a single force 
through any point of the section and a single couple. Then-— 

L The twist and curvature of the wire in the neighbourhood of 
this section are independent of the force, and depend solely on the 
couple. 

II. The curvatures and rates of twist producible by any severiU 
couples separately, constitute, if geometrically compoumled, the curva- 
ture and rate of twiat which arc acliially produced by a mutual action 
equal to the resultant of those couples, 

808, Jt may be added, although not necessary for our present 
purpose, that there is one determinate point in the cro.ss seraion 
such that if it be chosen as the point to which the force.s are trans- 
ferred, a higher order of approximation is obtained for the fulfilment 



point, which in the case of a wire of substance uniform through' its 
cross section is the centre of inertia of the area of the section, we 
shall generally call the elastic centre, or the centre of elasticity, of 
the section. It has also the following important property : — The line 
of elastic centres, or, as we shall call it, the elastic central line, remains 
sensibly unchanged in length to whatever stress within our conditional 
limits (§ 605) the wire be subjected. The elongation or contraction, 
produced by the neglected resultant force, if this is in such a direction 
as to produce any, will cause the line of rigorously no elongation to 
deviate only infinitesimally from the elastic central line, in any part 
of the wire finitely curved. It will, however, clearly cause there to 
be no line of rigorously unchanged lengthy in any straight part of the 
wire : but as the whole elongation would be infinitesimal . in com- 
parison with the effective actions with which we are concerned, this 
case constitutes no exception to the preceding statement 

609. In the most important practical cases, as we shall see later, 
those namely m which the substance is either ‘ isotropic,' which is 
sensibly the case with common metallic wires, or has an axis of 
elastic symmetry along the length of the piece, one of the three 
normal axes of torsion and flexure coincides with the length of the 
wire, and the two others are perpendicular to it ; the first being an 
axis of pure torsion, and the two others axes of pure flexure. Thus 
opposmg couples round the axis of the wire twist it simply without 
bending it , and opposing couples in either of the two principal planes 
of flexure, bend it into a circle. 

610. In the more particular case in which two principal rigidities 
against flexure are equal, every plane through the length of the wire 
is a principal plane of flexure, and the rigidity against flexure is equal 
in all. This is clearly the case with a common round wire, or rod, or 
with one of square section. It can be shown to be the case for a 
rod of isotropic material and of any form of normal section which 
is ‘ kinetically symmetrical' 239) round aU axes in its plane through 
its centre of, inertia. 

611. In this case, if one end of the rod or wire be held fixed, and 
a couple be applied in any plane to the other end, a uniform spiral 
form will be produced round an axis perpendicular to the plane 
of the couple. The lines of the substance parallel to the axis of 
the spiral are not, however, parallel to their original positions: and 
fines traced along the surface of the wire parallel to its length when 
straight, become as it were secondary spirals, circling round the 
main spiral formed by the central line of the deformed wire. Lastly, 
in the present case, if we suppose the normal section of the wire 
:o be circular, and trace uniform spirals along its surface when 
ieformed in the manner supposed (two of which, for instance, are 
he lines along which it is touched by the inscribed and the circum- 
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scribed cylindei), these lines do not become straight, but become 
spirals laid on as it were round the wire, when it is allowed to take 
its natural straight and untwisted condition. 

6 12. A wire of equal flexibilitv in all directions may clearly be held 
in any specified spiral form, and twisted to any st-ateil tlegrec, by' a 
determinate force and couple ajiplicd at one end, the other end beir^ 
held fixed. The direction of the force must he par.illel to the axis 
of the spiral, and, with the couple, must constitute a system of which 
this line is (§ 579 ) the central axis: since otherwise tlrerc could not 
be the same 'system of balancing force.s in every normal section of 
the spiral. All this may be seen clearly by supjwsing the wire to> 
be first brought by any means to the specified condition of strain; 
then to have rigid planes rigidly attached to its two ends periicmdicular 
to its axis, and these planes to be rigidly connected by a b.af lying 
in this line. The spiral wire now left to itself cannot but be in 
equilibrium : although if it he too long (acc'ording to its form and 
degree of twist) the equilibrium may he unstalile. The force along 
the central axis, and the couple, are to he determined by the condition 
that, when the force is transferred after roinsot'.s nianrK*r to the elastio 
centre of any normal section, they give two couples together equiva- 
lent to die elastic couples of flexure and torsion, 

613; A wire of equal flexibility in all directions may he held in 
any stated spiral form by a simple force along its axis between rigid 
pieces rigidly attached to its two ends, provided that, along with its 
si>iral form a wrtain degree of twist 'be given to it. The fore.e is 
determined by the condition that its nioment ruund the perpendicular 
through any point of the spiral to its osculating plane at that point, 
must be eepud and oppo.site to the elastic unbending couple. The- 
degree of twist is that due (by the simple e<iuation of tor.sion) to the 
moment of the force thus determined, round the tangent at any point 
of the spiral. The direction of the force btnng, according to the 
preceding condition, such as to press together the ends of the spiral, 
the direction of the twist in the wire is-opiKi-site to that of the tortuosity 
(§ 13 ) of its central curve. 

614. The principles with which we have ju®t been occupied are- 
immediately applicable to the theory of Sjiiral sjSrings; and we 
shall therefore make a short digression on this curious and im- 
portant practical subject before completing our investigation of clastic 
curves. 

A common spiral spring consists of a uniform ijvire shaped per- 
manently to have, when unstrained, the form of a regular helix, with 
the principal axes of flexure and torsion everywhere similarly situated 
relatively to the curve. When used in the prop<*r manner, it is 
acted on, through arras or jilates rigidly attached to its ends, by forces 
such that its form as altered by them is still a regular helix. This 
condition is obviously fulfilled if (one terminal being held fixed) an 
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•infimtely ..small force and .infinitely small couple be applied to the 
other terminal along the axis, and in a plane perpendicular to it, and 
if the force and couple be increased to any degree, and always kept 
along and in the plane perpendicular to the axis of the altered spiral. 
It would, however, introduce useless complication to wofk out the 
details^ of the problem except for the case (§ 609) in which one of 
the principal axes coincides with the tangent to the central line, and 
is therefore an axis of pure torsion, as spiral springs in practice 
always belong to this case. On the other hand, a very interesting 
complication occurs if we suppose (what is easily realized in practice, 
though to be avoided if merely a good spring is desired) the normal 
section of the wire to be of such a figure, and so situated relatively 
to the spiral, that the planes of greatest and least flexural rigidity 
are oblique to the tangent plane of the cylinder. Such a spring when 
acted on in the regular manner at its ends must experience a certain 
degree of turning through its whole length round its elastic central 
curve in order that the flexural couple developed may be, as we 
shall immediately see it must be, precisely in the osculating plane of 
the altered spiral. All that is interesting in’ this very curious effect is 
illustrated later in full detail (§ 624 of our larger work) in the case of an 
open circular arc altered by a couple in its own plane, into a circular 
arc of greater or less radius j and for brevity and simplicity we shall 
confine the detailed investigation of spiral springs on which we now 
enter, to the cases in which either the wire is of equal flexural rigidity 
in all directions, or the two principal planes of (greatest and least or 
.least and greatest) flexural rigidity coincide respectively with the 
tangent plane to the cylinder, and the normal plane touching the 
central curve of the wirej at any point. 

615. The axial force, on the movable terminal of the spring, trans- 
ferred according to Poinsot to any point in the elastic central 
curve, gives' a couple in the plane through that point and the axis 
of the spiral. The resultant of this and the couple which we suppose 
applied to the terminal in the plane perpendicular to the axis of the 
spiral is the effective bending and twisting couple : and as it is in 
plane perpendicular to the tangent plane to the cylinder, the com- 
ponent of it to which bending is due must be also perpendicular to 
this plane, and therefore is in the osculating plane of the spiral. This 
component couple therefore simply maintains a curvature different 
from the natural curvature of the wire, and the other, that is, the 
couple in the plane normal to the central curve, pure torsion. 
The equations of equilibrium merely express this in mathematical 
language. 

616. The potential energy of the strained spring is 

H.5(riT-a7j + .^T*J/, 

if A denote the torsional rigidity, B the flexural rigidity in the plane 
of curvature, th and the strained and unstrained curvatures, and t 
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the torsion of the wire in the strained condition, the torsion being 
reckoned as zero in the unstrained condition. The axial force, and 
the couple, required to hold the spring to any given length reckoned 
along the axis of the spiral, and to any given angle beiween planes 
through its ends and the axes,* are of cour.se (§ 244 }' equal to the rates 
of variation of the potential energy, per unit of variation of these 
co-ordinates respectively. It must be carefully remarked, however, 
that, if the terminal rigidly attached to one end of the spring be held 
fiist, so as to fix the tangent at this end, nnd the motion of the other 
terminal be so regulated as to keep the figure of the intermediate 
spring always truly sjiiral, this motion will be .somewhat complicated; 
as the radius of the cylinder, the inclination of the axis of the siiiral 
"to the fixed direction of the tangent at the fixed end, and the ])Osition 
ol' the point in the axis in which it is cut by the plane iierpendicular 
to it through the fixed end of the spring, all vary as the spring changes 
in figure. The effective components of any infinitely small motion ol 
the movable terminal are its component translation along, and rota- 
tion round, the instantaneous position of the axis of the spiral [two 
degrees of freedom], along with which it will generally have -an 
infinitely small translation in some direction and rotation round some 
line, each perpendicular to thi.s axis, and determined from the two 
degrees of arbitrary motion, by the condition that die curve remains a 
true spiral 

617. In the jiractical u.se of sjiiral njirings, this condition is not 
rigorously fulfilled : but, instead, one of two jilan.s is generally fol- 
lowed: — (i) Force, without any couple, is applied pulling out or 
pressing together two definite points of the two terminals, each tis 
nearly as may be m the axis of the unstrained .spiral ; or ( 2 ) One 
terminal being held fixed, the other is allowed to slide, without any 
turning, in a fixed direction, being as nearly as may be the direction 
of the axis of the spiral when unstrained. I'he preceding inve.stiga- 
tion is apjdicable to the infinitely small displacement in either case : 
the couple being put equal to zero for case ( 1 ), and the instantaneous 
rotatory motion round the axis of the spiral equal to zero for 
case ( 2 ). 

618. In a spiral spring of infinitely small inclination to the plane 
perpendicular to its axis, the displacement produced in the movable 
terminal by a force applied to it in the axis of the .spiral is a .simjile 
rectilineal translation in the direction of the axis, and is equal to the 
length of the circular arc through which an eipial force carries one 
end of a rigid arm or crank ccpial in length to the radius of the 
cylinder, attached perpendicularly to one end of the wire of the spring 
supposed straightened and held with the other end absolutely lixed, 
and the end which bears the crank, free to turn in a collar. This 
statement is due to J. Thomson’, who showed that in pulling out 
a spiral spring of infinitely small inclination the action exercised and 

* Camb. and Ouh^ Math. Jmr. 1848 , 
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the elastic quality used are the same as in a torsion-balance with the 
same wire straightened (§ 3S6). This theory is, as he ^iroved ex- 
perimentally, sunicicntly approximate for most practical ajiplications; 
spiral springs, as commonly made and used, being of very small 
inclination. There is no difficulty in finding the requisite correction, 
for the actual inclination in any case. The fundamental jinnciple that 
spiral springs act chiefly by torsion seems to have been first discovered 
by Binet in 1814’. 

619 . Returning to the case of a uniform wire straight and untwisted 
(that is, cylindrical or prismatic) when free from stress; let us sujiiiose 
one end to be held fixed in a given direction, and no other force 
from without to influence it except that of a rigid frame attached to 
its other end acted on by a force, F, in a given line, AD, and a 
couple, C, in a plane perpendicular to this line. The form and twist 
it will have when in equilibrium are determined by the condition that 
the torsion and flexure at any point, F, of its length are those due to 
the couple G compounded with - the couple obtained by bringing F 
to F. 

620 . Kirchhoff has made a very remarkable compari.son between 
the static problem of bending and twisting a wire, and the kinetic 
problem of the rotation of a rigid body. We can give here 
but one instance, the simplcsf of all — the Elastic Curne of James 
Bernoulli, and the common pendulum. A uniform straight wire, 
either equally flexible in all planes through its length, or having its 
directions of maximum and minimum flexural ngulity in two planes 
through its whole length, is acted on by a force and couple in one 
of these planes, applied either directly to one end, or by means of an 
arm rigidly attached to it, the other end being held fast. The force 
and couple may, of course (§ 568), be reduced to a single force, the 
extreme case of a couple being mathematically included as an in- 
finitely small force at an infinitely great distance. To avoid any 
restriction of the problem, we must sujipose this force applied to an 
arm rigidly attached to the wire, although m any case in which the 
line of the force cuts the wire, the force may be applied directly at 
the ►•oint of intersection, without altering the circumstances of the 
wire'between this point and the fixed end. The wire will, in these 
■circumstances, be bent mco a curve lying throughout in the plane 
through its fixed end and the line of the force, and (§ 609) its curva- 
tures at different points will, as was first shown, by James Bernoulli, 
be simply as their distances from tins line. The curve fulfilling this 
condition has clearly just two independent parameters, of which one 
is conveniently regarded as the mean proportional, a, between the 
radius of curvature at any point and its distance from the line of force, 
and the other, the maximum distance, of the wire from the line of 
force. By choosing any value (or each of these parameters it is easy 
to trace the corresponding curve with a very high ajiproximation to 
accuracy, by commencing with a small circular arc touching at one 

* St Venant, Cotnpies Hendus, Sept. 
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extremity a straight line at the given niaxiimim diRtan<'C freun the 
of for(*c, and continuing by stnall circular arc^, with tiu*. jui 
increasing radii, according ttv the ditniinshiug ilist.in* cs of tlu ii niii 
points from the line of iVucc. 'I'he annexed diagram:; are, howe 
not so drawn, but are simply traced from the forms ;u iu;illy 
by a flat steel spring, of small enough bre;idth tmt to be m 
disturbed by tortuosity in the cases in which diticrent [nu ts ot it (•: 
one another. nroile of a{>[)li<*ation of the lotcc is .sulluic; 

explained by the indications in tl\c duiipam. 

621. As we choose jrarticularly the common pendulum for 
corres[)onding kinetic problem, the force at.ting on the ri[;id bod; 
the comi)arison must be that of gisivity in the vettiial thtuugh 
centre of gravity. is convenient, accortlingly, not to take 
the velocity for the jtoint of conijuirison along the bcut wire, hut 
velocity which gravity would generate in aluuly falling through a he; 
equal to half the constant, rr, of <1 6 jo:_and this constant <r, 
then be the length of the isoclusmous sinqile pendulum. Ihu 
an elastic curve be held with its line of force veru< al, and i f a pc 
fP, be moved along it with a constant velocity equal to (« 
noting the mean proportional between the nulius of curvature at 
point, and its distance from the line of force,) the tangent at /' 
keep always parallel to a simidc pendulum, of length o, phicet 
any instant parallel to it, mtd projected with the same angi 
velocity. Diagrams i to 5 , corresj»oml to vihnitkms of the pen 
lum. Diagram 6 corre.sjxjnds to the case in which the potulu 
would just reach its jmsition of uusl;jlilc etivuUbriuin in an inli; 
time. Diagram 7 corresjionds to cascft in which the penduhun J 
round continuously in one direction, with jieriudically increasing ; 
diminishing velocity. The extreme case, of the eircular cla 
curve,' corre.sjx)nds to an infinitely hntg pendulum flying round \ 
finite angular velocity, which of course ex[)ericnces (njl>r infmi 
small variation in the course of the revolution. A conclusion wos 
of remark is, that the rectification of the elastic curve is the s; 
analytical problem finding the dure occupied by a |[M;uduluu: 
describing any given angle. 

622. For the simple and important case of a natually stra 

wre, acted on by a distribution of force, but not of couple, thro 
its length, the condition fulfilled at a jicrfectly fired end, acterl on 
neither force nor couple, is that the curvature is zero at the end, 
ib rate of variation from zero, per unit of length front the end 
at the end, zero. Jn other words, the curvatures at point.s ihfini 
near the end are as the squares of their distances from the eiu 
general (or, as some higher power of these distance.^, in sing 
cases). The same statements hold for the of curvature ; 

duced by the stress, if the unstrained wire is not straight, but 
other circumstances the some as those just specified. 

623. As a very simple example of the equilibrium of a wire s 
ject to forces through its length, let us suppose the natural fom 
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be straigl)t, and the applied forces to be in lines, and the couples 
to have their axes, all perpendicular to its lengtli, and to be not great 
enough to province more than an infinitely small deviation from the 
straight line. Further, in onler that these force.s and couples may 
produce no torsion, let the three nexure-torsion axes be jicrpendicular 
to and along tlie wire. But we shall not litpit the problem further 
by supposing the section of the wire to bo uniform, as we should thus 
exclude some of the most important practical a[>pli('ations, as to 
beams of lialances, levers in machinery, beams iti ut<*lutecture and 
engineering. It is more instructive to iuvestie.ato the eipiations of 
equilibrium directly for thi.s case than to ileduce them from the 
cipiations worked out above fnr the much more comprehensive 
goiu'ral .problem. Tlic particular {ninciplc fur tin; present case is 
simply that the rate of variation of the rate of variation, per unit of 
length along the wire, of the bending couiile in any plane through 
the length, is equal, at any point, _ to the applied furce per unit of 
length, with the simple rate of variation of the_ applied couple sub- 
tracted. I'his, together with the direct equations 607) between 
the component bending cuui)les, gives the required ctpiatious of 
equilibrium. 

624. If the directions of maximum and minimum flexural rigidity 
lie throughout the wire in two plane.s, the.oipiatiuns of cipulilirium 
become sinqilified when these planes are chosen as planes of re- 
ference, XOy, XOZ. Tlie flexure in cither pkuu: tlien deiiends 
simply on the force.s in it,, and thus the problem divides itself into 
two quite independent problems of integrating the eijuations of 
flexure in the two princip.al planes, and so finding the })rojeetions 
of the curve on two fixed planes agreeing with their position when 
the rod i.s straigiit. 

625. Wlicn a uniform bar, be.am, or plank is balanced on a single 
- trestle at it.s middle, the droop of its ends is only f of the droop 

which its middle -has when the bar i.s supjiortcd on trestles at its 
ends. -From this it follows that the funner is | and latter I of the 
droop or elevation produced by a force equal to hrUf the wciglit of 
the bar, apjdicd vertically downwards or upward.s to one end of it, 
if the middle i.s held fast in a tiorizontal position. For let lus finst 
suppose the whole to rest on a trestle under its middle, and let two 
Irestlc.s be placed under its ends and gradually raised till the i>re;j.sure 
is entirely taken off from the middle. During this operation the 
middle remains fixed and horizontal, while a force increasing to half 
the weight, apjdied vertically upwards on each end, raise.s it through 
a height equal to the sum of the droops in the two cases above 
referred to. This result is of cour.se proved directly by conqiaring 
the absolute values of the droop in those two cases as found above, 
•.with the deflection from the tangent at the end of the cord in the 
elastic curve, Fig. 2, § 623, which is cut by the cord at right angles. 
It may be stated otherwise thus ; the droop of the middle of a 
uniform beam resting on trestles at its ends is increased in the 
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jratio of 5 to 13 by laying a mass equal in weight to itself on its 
middle : and, if the beam is hung by its middle, the droop of the 
ends is increased in the ratio of 3 to 1 1 by hanging on each of 
them a mass equal to half the weight of the beam. 

626 . The important practical problem of finding the distribution 
of the weight of a .solid on points supporting it, when more than 
two of these arc in one verluail plane, or when there are more than 
three altogether, which (§ 588) is indeterminate^ if the solid is 
perfectly rigid, may be completely solved for a uniform elastic beam, 
naturally straight',- resting on three or more points in rigorously fixed 
positions all nearly in one horizontal line, by means of the preceding 
results. 

. If there are i iioints of support, the / - i parts of the rod between 
them in order ami the two end parts will form z + i curves expressed 
by distinct algi-hraic equations, each involving four arbitrary con 
stants. For determining these constants we have 4z-f- 4 equations in 
all, expressing the following conditions: — 

I. The ordinates of the inner ends of the projecting parts of the 
rod, and of the two ends of each intermediate part, are respectively 
equal to the /pven ordinates of the corresponding points of support 
[2/ ciiualions]. 

II . Tlie curves on the two sides of each support have coincI<dent 
tangents and equal curvatures at the jioint of transition from one 
to the other [az equations]. 

III. The curvature and its rate of variation per unit of length 
along the rod, vanish at each end [4 equations], 

Tluus the equation of eacli part of the curve is completely de- 
termined: and by means of it we find the shearing force in any 
normal section. Tlie di (Terence between these in the neighbouring 
portions of the rod on the two .sides of a point of support, is of 
course equal to the pressure on this point. 


027 . The solution for the case of this problem in which two 
of the poinif! of support are at the ends, and the third midway 
between them either exactly in the line joining .them, or at any 
given very small distance above or below it, is found at onclh, without 
analytical work, from tlie particular results stated in § 625. Thus 
if we suppose the beam, after being first supported wholly by trestles 
at its ends,, to be gradually pressed up by a trestle under its 
middle, it will bear a force simply proportional to the space through 
which it is raised from the zero point, until aU the weight is taken 
off the ends, and borne by the middle. The whole distance through 

which the middle ri.scs during this process is, as we found, ^ 

and this whole elevation is of the droop of- the middle in the 


^ It iittecl scarcely he remarked that iudetcrminatene.ss docs not exist in nature. 
How it may occur in the problems ol' abstract dynamics, and is obviated by taking 
something more of the iproijcrties of matter into account, is instruttivcly illustrated 
by tlie circumstances referred to in the text. 
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first position. If therefore, for instance, the middle trestle be fixed 
exactly in the line joining those under the ends, it will bear ^ of 
the whole weight, and leave to be borne by each end. And 
if the middle trestle be lowered from the line joining the end 
ones by of the space through which it would have to be lowered 
to relieve itself of all jiressure, it will bear just ^ of the whole weight^' 
and leave the other two-thirds to be Cfiually borne by the two ends. 

C 2 B. A wire of equal Ilexibility in all directions, an(l straight 
when freed from stress, oilers, when bent and twisted in any manner 
whatever, not the slightest resistance tia being turned round its elastic 
central curve, as its conditions of equilibrium are in no way affected 
by turninj? the whole wire thus equally throughout its leugtln The 
useful application of this princiiile, to the maintenance of equal 
angular uKUion in two bodies rotating round different axes, is 
rendered somewhat diilicult in practice by the necessity of a perfect 
attachment ami adjustment of each end of the wire, so as to have 
the tangent to its elastic., central curve exactly in line with the 
axis of rotation. But if this condition is rigorously fulfilled, and 
the wire is of exactly ctpial ilcxibilily in every direetion, ami exactly 
straight when free from stress, it will give, again.st any constant 
resistance, an accurately uniform motion from one to another of 
two bodies rotating round axes which may be inclined to one 
another at any angle, and need not be in one' plane. If they are 
in one plane, if there is no re.sistance to the rotatory motion, and 
if the action of gravity on the wire is insensible, it will take some 
of the varieties of form (Jj 6ao) of the plane clastic curve of James 
Bernoulli. But however much it i.s altered from this, whether by 
the axes not being in one plane, or by the torsion accompanying 
the transmission of a couple from one sluift to the other, and 
necessarily, when the axes arc in one plane, twisting the wire out 
of it, or by gravity, the elastic central curve will remain at rest, 
the wire in every normal section rotating round it with uniform 
angular vtdocky, ctpial to that of ca<‘h of the two bodies which it 
connects. Under l^rapertics of Matter, we .shall see, as indeed 
may be judged at once from the performances of the vibrating 
sjiring of a chronometer for twenty years, that imperfection in the 
elasticity of a metal wire does not exist to any such degree as to 
prevent the practical application of this principle, even in meclianism 
required to be durable. 

It is right to remark, however, that if the rotation be too rapid, the 
equilibrium of the wire rotating round its unchanged elastic central 
curve may become unstable, as is immediately discovered liy experi- 
ments (leading to very curious phenomena), when, ns is often done in 
illustrating the kinetics of ordinary rotation, a rigid body is hung by 
a steel wire, the upper end of which is kept turning rapidly. 

629 . The definitions and investigations regarding strain, ^ 13^- 
161, constitute a kincmatical introduction to the theory of elastic 
aolids. We must now, in commencing the elementary dynamics 
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of the subject, consider the forces called into play through the 
interior of a solid when brought into a condition of strain. We 
adopt, from Rankine*, the term stress to designate such forces, 
as distinguished from strain defined {§ 135 ) to c.xpress the merely 
geometrical idea of a change of volume or figure.- 

630. When through any space in a boily under the action of force, 
the mutual force between the portions of matter on the two sides of 
any plane area is ciiual and parallel to the mutual force across any 
equal, similar, and parallel plane area, the stress is said to be homo- 
geneous through that space. In other words, the stress experienced 
by the matter is homogeneous through any space if all equal, sirnilar, 
and similarly turned portions of matter within this space are similarly 
and equally influenced by ft)rce. 

631. To be able to final the distribution of force over the surface 
of any portion of matter homogeneously stressed, we must know the 
direction, and the amount per unit area, of the force across a plane 
area cutting through it in any direction. Now if we know this for 
any three planes, in three different directions, we can fmd^ it for a 
plane in any direction as we see in a moment by considering what 
IS necessary for the equilibrium of a tetrahedron of tlu: substance. 'I'ho 
resultant force on one of its sides must bo eqiia’l and opposite to the 
resultant of the forces on the three others, which is known if these sides- 
•are parallel to the three planes for each of which the force is given. 


632. Hence the stress, in a body liomogeneously stressed, i.s com- 
pletely specified when the direction, and the amount per unit area, 
of the force on each of three distinct planes .is given. It is, in the 
analytical treatment of the subject, generally convenient to take these" 
planes of reference at right angles to one another. But we should, 
immediately fall into error did we not remark that the specilicaliunj 
here indicated consists not of nine hut in reality only tif six, inde- 
pendent elements. For if the ecpiililn-ating forces on the .six f.ices of 


a cube be each resolved into three components parallel to its three 
edges, OA', 0 Y, OZ, we .have in 

all 1 8 forces; of which ’.each pair Z if 

acting perpendicularly on a' pair ofi 

opposite face.s, being equal and ^ 

directly opposed, balance ope an- ••....-''1 :.?f] — TL^ 

other. The twelve .tangential com- "" f j 

ponents that remain constitute three | 

pairs of couples having their axes ! i 

m the direction of the three edges, i j ...--T 

each of which must separately be in T i.-.-.b’"'."." 

equilibrium. I'he diagram shows X 

the pair of equilibrating couples 

having OY for axis; from the con- T 

sideration of which we infer that the '' 
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forces on the faces {zy), parallel to OZ, are equal to the forces on the 
faces {yx), parallel to OX. Similarly, we see that the forces on the 
faces {yx), parallel to OY, are equal to those on the faces {xz), parallel 
to OZ-, and that the forces on {xz)^ parallel to OXj are equal to 
those on {zy), parallel to OY. 


633. Thus, any three rectangular planes of reference being chosen, 
we may take six elements thus, to specify a stress: Q, R the 

normal components of the forces on these planes; and S, 2] U 
the tangential components, respectively perpendicular to OX, of the 
forces on the two planes meeting in OX, perpendicular to OV, of 
the forces on the planes meeting in OY, and perpendicular to OZ, 
of the forces on the planes, meeting in OZ; each of the six forces'' 
being reckoned, per unit of area. A normal component will be 
reckoned as positive when it is a traction tending to separate 
the portions of matter on the two sides of its plane. B, Q,, R are 
sometimes called simple longitudinal stresses, and S , . T, U simple 
shearing stresses. 

From these data, to find in the manner explained in § 63 r, the 
force on any plane, specified by /, m, n, the direction-cosines of 
its normal ; let such a plane cut OX, OY, OZ in the three points 
X, Y, Z Then,, if the area XYZhz denoted for a moment by A, 
the areas YOZ, ZOX, XOY, being its projections on the three rec* 
tangular planes, will be re.spectively equal to Al, Am, An. Ilcncc, 
for the equilibrium of the tetrahedron of matter bounded by those 
four triangles, we have, if 2^, G, II denote the comi)onents of the 
force experienced by the first of them, XYZ, per unit of its area, 
F.A ^RIA^ U. mA -t- T.nA, 


and the two symmetrical equations for the comi'ioncnts parallel to 
O y and OZ. Kence, dividing by A, we conclude 
F 3 = PI + Um + Tn ) 

Gr.UUQm^Sn\. (i) 

II^T/+ Sm+Rn) 

These expressions stand in the well-known relation to the ellipsoid 

iV -I- Qy'* + Rz* -*• 2 {Sys + Ikx + Uxy) « i, ( 3 ) 

according to which, if we take 

X ralr, y ca nt‘, 


and if X, jx, v denote the direction-cosines and p the length of the 
perpendicular from the centre to the tangent plane at {x, y, z) of the 
ellipsoidal surface, we have 




X 


We conclude that 




634u For any fully specified State of stress in a solid, a quadratic 
surface may always be determined, wh^ch shall represent the stress 
graphically in the following manner : — 

'To find the direction and the amount per unit area, of the force 
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acting across any plane in the solid, draw a line perpendicular to 
this plane from the centre of the quadratic to its surface. The 
required force will be equal to the reciprocal of the product of the 
length of this line into the perpendicular from the centre to the 
tangent plane at the point of intersection, and will be perpendicular 
to the latter plane. 

C 35 . From this it follows that for any stress whatever there are 
three determinate planes at right angles to one another such that the 
force acting in the solid across each of them is precisely perpendicular 
to it. 'Fhese planes are called the principal or normal planes of the 
stress; the forces upon them, per unit area, — its principal or nornial 
tractions; and the lines perpendicular to them, — its principal or 
normal axes, or simply its axes. The three principal semi-diameters 
of the quadratic surArcc are equal to the reciprocals of the square 
roots of the normal tractions. If, however, in any case each of the 
three normal tractions is negative, it will be convenient to reckon 
them rather as positive pressures; the reciprocals of the square' roots 
of which will be the semi-axes of a real stress-ellipsoid representing 
the distribution of force in the manner explained above, with pressure 
substituted throughout for traction. 

636 . When the three normal tractions' are all of one sign, the 
stress-quadratic is an cllipsoidj the cases of 'an ellipsoid of revolution 
and a sphere being included, as those in which two, or all three, are 
equal. When one of the three is negative and the two others posi- 
tive, the surface is a hyperboloid of one sheet When one of the 
normal tractions is positive and the two others negative, the surface 
is a hyperboloid of two sheets, 

637 , When one of the three principal tractions vanishes, while 
the other two are finite, the stress-quadratic becomes a cylinder, 
circular, elliptic, or hyperbolic, according as the other two are equal, 
unequal of one sign, or of contrary signs. When two of the three 
vanish, the quadratic becomes two planes; and the stress in this case 
is (§ 633) called a simple longitudinal stress. The theory of prin- 
cipal pla'ncs, and normal tractions just slated (§ G35), is then equiva- 
lent to sayingf that any .stress whatever may be regarded as made up 
of three siinjile longitudinal stresses in three rectangular directions. 
The geometrical interpretations' are obvious in all these cases. 

038 , The composition of stresseg^ is of course to be effected by 
adding the comjioncnt tractions thus: — If (P,, (?„ A’,, 6'„ Cf,), 

(/;, (2„ 6;, Ty etc., denote, according to § 633, any given 

set of stresses acting simultaneously in' a substance, their joint effect 
is the same as that of a simple rcsiiltant stress of whicli the specifica- 
tion in corresponding terms is (SA, 

639 . Each of the statements' that have now been made 630, 
638) regarding stresses, is applicable to infinitely small strains, if for 
traction perpendicular to any plane, reckoned per unit of its area, 
we substitute donmlion, in the lines of the traction, reckoned per 
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direction, s/tear in the same direction, -reckoned in the nwnncr ex- 
plained in § 154. The student will find it a useful exorcise to study 
in detail tliis transference of each one of those statements, and to 
justify it by modifying in the proper manner the results oft^ 150, 151, 
X52, 153, 154, j6i, to adapt them to infinitely small strains. It 
inust be'remarked that the sirain-tpiadratic thus formed arcordin^ to 
the rule of § 634, which niay have any of the v;u-ieties of character 
mentioned in 636, 637, is not the same as the .strain ellipsoid of 
§ 14 1, which is alway.s essentially an ellijKSoiii, and which, for an in- 
finitely small strain, tiiffers infinitely little from a sphere. 

The ttnnjiarison of with the result of § 632 regarding tan- 

gential tractions is particularly interesting and important. 

640 . 'I'he following tabular synopsis of the meaning of the 
elements constituting tiic correspomling rectangular specifications of 
a strain and .‘jtress explained in preceding sections, will be found 
convenient:— 


Components 
of tlu> 

strain. , stress. 


rhities; fif wliich 
rel.UivT nuitipn, or 
across wliich force 
is reckoned. 


I lirectinn 
of rrl.ilive 
motion eir 
of force. 


If 

/ 

K 

a 

h 


P 

Q 

K 

S 

T 

U 




zx 

AV 



aV 

.tv 

\XZ 

[yz 


X 

7 

z 

y 

z 


X 

y 


641 . If a unit cube of matter under any stress (/’, Q, JR, S, T, U) 
experience -the infinitely small simple longitudinal .strain c alone, the 
work done on it will Ire iVj .since, of the component forces, J\ U, T 
parallel to OX, i/and J’do no work in virtue of this strain. Simi- 
larly, Qf, Jig are the works done if, the same stress acting, the simple 
longitudinal strains / or g are experienced, either alone. Again, if 
the cube experience.s a simple shear, a, whether we regard it 151) 
as a differential sliding of the iihines j-.r, parallel to y, or of tlu* planes 
zx, parallel to z, we see that the work done is St: and similarly, 
21 > if tJie stniin is .sintjily a shear /», parallel to OX, of plane*; ^7, or 
parallel to f 7 A', of planes and Uc if the strain is a shear c, parallel 
to OX, of jdancs a-s, or parallel to OY, of idanes jv®. Hence the 
whole work done by the .slre-ss {P, Q, R, S, JJ U) on a unit cube 
taking the .strain (e, kg, a, b, c), Is 

Re -f Qf^ Rg-^-Sa-^Tb^ Uc. (3) 

It is to be remarked that, inasmuch as the action called a .stress is 
a system of forces wluch lialance one another if the Tportion of 
matter experiencing it is rigid, it cannot do any work when the 
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matter moves in any way without change of shape: and therefore no 
amount of translation or rotation of the cube taking place glong with 
tlie strain can render the amount of work done different from that 
just found. 

If the side of the cube be of any lengthy, instead of unity, each 
force will be p* times, and each relative displacement p times, and, 
therefore, the work clone f times the respective amounts reckoned 
above. lienee a body of any shape, and of cubic content C, sub- 
jected throughout to a uniform stress (/*, (?, R, Sy T, U) while taking 
uniformly throughout a strain (<•,/, a, b, r), experience! an amount 
of work etjual to 

{Pe + <2/+ Pg^Sa^Tb^ Uc) C. (4) 

It is to be remarked that this is necessarily equal to \he work done 
on the bounding surface of the body by forces applied to it from 
without, h’or the work done on any portion of matter within the 
body is sinqily that done on its surface by the matter touching it all 
round, as no force acts at a distance from without on the interior 
substance. lienee if we imagine the whole body divided into any 
number of parts, each of any shape, the sura of the work done on 
ajl these parts is, by the disappearance of equal positive and negative 
terms expressing the portions of the work done on each part by the 
contiguous parts on all its sides, and spent by these other parts in 
this action, reduced to the integral amount .bf work done by force 
from witliout aj;>plicd all round the outer surface. 

642. If, now, we suppose the body to yield to a stress {F, Q, R, 
S, T, U), and to oppose this stress only with its innate resistance to 
change of shape, the differential equation of work done will [by (4) 
with Ilf, df, etc., substituted for e,f, etc.] be 

dw = Pde ^Qdf-^ Rdg + Sda + Tdb + Udc. (5) 

If w denote the' whole amount of vvork done per unit of volume in 
any part of the body while tli^ substance in this part experiences a 
strain (<',/, g, a, b, r) from some initial state regarded as a state of 
no strain. 'I'liis ccpiation, as we shall see later, under Properties of 
Matter, expresses the work done inva natural fluid, by distorting 
stress (or difference of pressure indifferent directions) working against 
its innate viscosity; and w is then, according to Joule’s discovery, 
the dynamic value of the heat generated in the process. The equa- 
tion may also be aiiplied to express the work done in straining an. 
imperfectly elastic solid, or an elastic solid of which the temperature 
varies during the process. In all such applications the stress will 
depend partly on tlie .speed of tlie straining motion, or on the varying 
•temiicrature, and not at all, or not solely, on the state of strain at any 
moment, and the .system will not be dynamically conservative. 

643. I)efinieion'vr-I\. perfectly elastic body is a body which, when 
brought to' any one state of strain, requires at all times the same 
stress to hold it in this state; liowcver long it be kept strained, or 
however rai)Klly its state be altered from any other strain, or from 
no strain, to the strain in question. Here, according to our plan 
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396, 401) for Abstract Dynamics, we ignore variation of tempera 
tnre in the body. If, however, we acid a condition of absolutely nc 
variation of temperature, or of recurrence to one specified temperatun 
after changes of strain, we have a definition of that property of perfee 
elasticity towards which highly elastic bodies in nature approximate 
and which is rigorously fulfilled by all fluids, and may be so by soim 
real solids, as homogeneous crystals. But inasmuch as the elastii 
reaction of every kind of body agaipst strain varies with varyinj 
temperature, and (a thcnnodynamic consequence of this, as we shal 
see later) any increase or diminution of strain in an clastic body i 
necessarily’ accompanied by a change of temperature; even a pci 
fectly elastic body could not, in passing through different strains 
act as a rigorously conservative .system, i)ut on the contrary, mus 
give rise to dissipation of energy in consequence of the conductioi 
or radiation of heat induced by these changes of temperature. 

But by making the changes of strain quickly enough to proven 
any sensible equilization of temjierature by contUiction or radiatioi 
(as, for instance, Stokes has shown, is done in sound of musiai 
notes travelling through air); or by making them slowly enough b 
allow the temperature to be maintained sensibly constant® by prope 
appliances; any highly elastic, or perfectly clastic body in nature rua; 
be got to act very nearly as a conservative system. 

644. In nature, therefore, the integral amount, w, of work dcfinc( 
as above, is for a perfectly elastic body, Independent (§ 246) of th 
scries of configurations, or states of strain, through which it may hav 
been brought from the first to the second of the specified conditions 
provided it ha.s not been allowed to change scnsilily in temperatur 
during the process. 

Wlien the whole amount of strain is infinitely small, and the strcs<; 
components arc therefore all altered in the same ratio as the slrair 
components if these are altered all in any one ratio; 7 a must be 
homogeneous quadratic function of the six variables r, / ,j,', a, d, * 
which, if we denote by (e, e), (//)... (<f,/). .. constants dependin 
on the quality of the substance and on the directions chosen for th 
axes of co-ordinates, we may write as follows:-— 

4® (//)/• + (i9.g) + (a, a) + (/;, /•) // + (r, c) 

+ 2 (<?,/) e/+ 2 4 - 2 {(’, a) t'a + 2 {r, h) e b + 2 (c, r) cc 

-*• 2 (/ A')/i’ + 2 (/«)/" + 2 (//')/^' + 2 (/ r)yc 
+ 2 (g, a)^'a + 2 -I' 2 to 

4 h 2 {ii,b)ab‘\- 2 (fz,r) ac 
2 {b,c) be) 

The 21 co-efficients {e,e), (/,/)... (^, r), in this expression cor 
stitute the 21 ‘co-cfFicicnts of elasticity,* which Green first showed t 
be proper and essential for a complete theory of the dynamics of a 
elastic solid subjected to infinitely small strains. The only conditio 

’ *On the Thermoelastic and Ihcrmoinagnetic Properties of Matter’ (V 
Thomson). Quarterly ymt nal of MatAanatus, A'^nl ibsT- ^ /bid. 


243 


STATICS OF SOLIDS AND FLUIDS. 

that can be theoretically imposed upon these co-efficients is that they 
must not permit w to become negative for any values, positive or 
negative, of the strain-components Under Properties of 

Matter, we shall see that a false theory (Boscovicb’s)-, falsely worked 
out by mathematicians, has led to relations among the co-efficients 'of 
elasticity which experiment has proved to be false. 

645. The average stress, due to elasticity of the solid, when 
strained from its natural condition to that of strain {e,f, g, a, b, c) is 
(as from the assumed applicability of the principle of superposition 
we see it must be) just half the stress required to keen it in this 
state of strain. 

646. A body is called homogeneous when any two equal, similar 
parts, of it, with corresponding lines parallel and turned towards 
the same parts, are undistinguishable from one another by any 
difference in quality. The perfect fulfilment of this condition with- 
out any limit as to the smallness of the parts, though conceivable, 
is not generally regarded as probable for any of the real solids or 
fluids known to us, however seemingly homogeneous. It is, we 
believe, held by all. naturalists that there is a molecular structure^ 
according to which, in compound bodies such as water, ice, rock- 
crystal, etc., the constituent substances lie side by side, or arranged 
in groups of finite dimensions, and even in bodies called simple 
(Le. not known to be chemically resolvable into other substances) 
there is no ultimate homogeneousness. In other words, the prevail- 
ing belief is that ev'ery kind of matter with which we are acquainted 
has a more or less coarse-grained texture, whether having visible 
molecules, as great masses of solid stone or brick-building, or natural 
granite or sandstone rocks; or, molecules too small to be visible 
or directly measurable by us (but not infinitely small) ‘ in seemingly 
homogeneous metals, or continuous crystals, or liquids, or gases. 
We must of course return to this subject under Properties of Matter; 
and in the meantime need only say that the definition of homogeneous- 
ness may be applied practically on a very large scale to masses of 
building or coarse-grained conglomerate rock, or on a more moderate 
scale to blocks of common sandstone, or on a very small scale to 
seemingly homogeneous metals or on a scale 6f extreme, undis- 
covered fineness, to vitreous bodies, continuous crystals, solidified 
gums, as India rubber, gum-arabic, etc., and fluids. 

647. The substance of a homogeneous solid is called isotropic 
when a spherical portion of it, tested by any physical agency, exhibits 
no difference in quality however it is turned. Or, which amounts 
to the same, a cubical portion cut from any position in an isotropic 
body exhibits the same qualities relatively to each pair of parallel 
faces. Or two equal and similar portions cut from any positions 

^ Probably not undiscoverably%md!A, although of dimensions not yet known to us. 

* Which, however, we know, as recently proved by Deville and Van Troost, are 
porous enough at high temperature to allow very free percolation of gases. 
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in the bo 3 y, not subject to the condition of parallelism (§ 646), 
are undistinguishable from one another. A substance which is not 
isotropic, but exhibits differences of quality in different directions, 
is called aeolotropic. 

648 . An individual body, or the substance of a homogeneous 
solid, may be isotropic in one quality or class of qualities, but 
aeolotropic in others- 

Thus in abstract dynamics a rigid body, or a group of bodies 
rigidly connected, contained within and rigidly attached to a rigid 
spherical surface, is Idnetically symmetrical (§ 239) if its centre of 
inertia is at the centre of the sphere, and if its moments of inertia 
are equal round all diameters. ' It is also isotropic relatively to gravi- 
tation if it is centrobaric (§ 542), so that the centre of figure is not 
merely a centre of inertia, but a true centre of gravity. Or a trans- 
parent substance may transmit light at different velocities in different 
directions through it (that is, be doubly refracting, and yet a cube 
of it may (and gener^y does in natural crystals) absorb, the same 
part of a beam of white light transmitted across it perpendicularly 
to any of its three pairs of faces. Or (as a crystal which exhibits 
dichroism) it may be aeolotropic relatively to the latter, or to either, 
optic quality, and yet it may conduct heat equally in aU directions. 

649 . The remarks of § 646 relative to homogeneousness in the 
aggregate, and the supposed ultimately heterogeneous texture of all 
substances however seemingly homogeneous, indicate corresponding 
limitations and non-rigorous practical interpretations of isotropy. 

650 . To be elastically isotropic, we see first that a spherical or 
cubical portion of any solid, if subjected to uniform normal pressure 
(positive or negative) aU round, must, in yielding, experience no 
deformation : and therefore must be equally compressed (or dilated) 
in all directions. But, further, a cube cut from any position in it, 
and acted on by tangential or distorting stress (§ 633) in planes 
parallel to two pairs of its sides, must experience simple deformation, 
or shear (§ 150), in the same direction, unaccompanied by condensa- 
tion or dilatation', and the same in amount for all the three ways 
in which a stress may be thus applied to any one cube, and for 
different cubes taken from any different positions Lh the solid. 

651 . Hence the elastic quality of a perfectly elastic, homogeneous,- 
isotropic solid is fully defined by two elements; — its resistance to 
compression, and its resistance to distortion. The amount of ani- 
form pressure in all directions, per unit^area of its surface, required 
'to produce a stated very small compression, measures the first of 

must be remembered that the changes of figure and volume we are con- 
deemed with are so small that the principle of superposition is applicable; so that 
if any distorting stress produced a condensation, an opposite distorting stress 
would produce a dilatation, which- is a violation of the isotropic condition. But it 
is possible that a distorting stress may produce, jin a truly isotropic solid, conden- 
'.sation or dilatation in proportion to the square of its value: and iris probable lliaj; 
[such effects may be sensible in India rubber, or cork, or other bodies susceptible 
[of great deformations or compressions, with persistent elasticity. 



STATICS OF SOLIDS AND FLUIDS. 


245 


these, and the amount of the distorting stress required to produce 
a stated amount of distortion measures the second^. The numerical 
measure of the first is the compressing pressure divided by the 
diminution of the bulk of a portion of the substance which, when 
uncompressed, occupies the unit volume. It is sometimes called 
the elasticity of volume, or the resistance to compression. Its reciprocal, 
or the amount of compression on unit of volume divided by the 
compressing pressure, or, as we may conveniently say, the compression- 
per unit of volume, per unit of compressing pressure, is commonly 
called the compressibility. The second, or resistance to change of shape, 
is measured by the tangential stress (reckoned as in § 633) divided by 
the amount of the distortion or shear (§ 154) which it produces, and 
is called the rigidity of the substance, or its elasticity of figure. 

652 , From § 148 it follows that a strain compounded of a simple 
extension in one set of parallels, and a simple contraction of equal 
amount in any other set perpendicular to those, is the same as a 
simple shear in either of the two sets of planes cutting the two 
sets of .parallels at 45°. And the numerical measure (§ 154) of this 
shear, or simple distortion, is equal to double the amount of the 
elongation "or contraction (each measured, of course, per unit of 
length). Similarly, we see (§ 639) that a longitudinal traction (or 
negative pressure) parallel to one line, and an equal longitudinal 
positive pressure parallel to any line at right angles to it, is equivalent 
to a distorting stress of tangential tractions (§ 632) parallel to the 
planes which cut those lines at 45°. And the numerical measure 
of this distorting stress, being (§ 633) the amount of the tangential 
traction in either set of planes, is equal to the amount of the positive 
or negative normal pressure, not doubled. 

653 . Since then any stress whatever may be made up of simple 
longitudinal stresses, it follows that, to find the relation betxteen any 
stress and the strain produced by 
it, we have only to find the strain 
produced by a single longitudinal 
stress, which we may do at 
once thus: — A simple longitudinal 
stress, P, is equivalent to a uni- 
form dilating tension \P in all 
directions, compounded with two 
distorting stresses, each equal to 

and having a common axis 
in the line of the given longitu- 
dinal stress, and their other two 
axes any two lines at right angles 
to one another and to it. The 
diagram, drawn in a plane through 
one of these latter lines, and the 
former, sufficiently indicates the synthesis; the only forces not shown 
being those perpendicular to its plane. 
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Hencfe if n denote the and k the resistance to ditatat\ 

[being the same as the reciprocal of the compressibility 651)], t 
elTect will be an equal dilatation in all .ihrections, amounting, j 
unit of volume, to 



( 


compounded with two equal distortions, each amounting to 

\P 


and having (§ 650) their axes in the directions just stated as the 
of the distorting stresses. 


GSl. The dilatation and two shears thus determined may 
conveniently reduced to simple longitudinal strains by still followi 
the indications of § 652, thus: — 

The two shears together constitute an elongation amounting 

^ in the direction of the given force, P, and cquaJ contracti 

amounting to 2 ^ in all directions perpendicular to it. And t 
^ P . . . 

cubic dilatation implies a lineal dilatation, equal in all dircctio: 

A? 

1 Jf> 

amounting to ~ . On the whole, therefore, we have 


linear elongation =P 
linear contraction 


, in the direction of the applied "j 


stress, and 

, in all directions perpendicular 


6u 9 X: 
to the ai)plicd stress. 


655 . Hence when the ends of a column, bar, or wire, of isotro] 
material, are acted on by equal and opposite forces, it experiem 

a lateral, lineal contraction, equal to longitudii 

dilatation, each reckoned as usual per unit of lineal measure. 0 
specimen of the fallacious mathematic.s above referred to (§ 644), 
a celebrated conclusion of Navicr’s and Poisson’s that this ra 
is which rcfiuircs the rigidity to be -g- of the resistance to co 
pression, for all solids : and which was first .shown to be false 
Stokes* from many obvious observations, proving enormous disc 
pancies from it in many well-known bodies, and rendering it mi 
improbable'^that there is any approach to a constancy of raitio betwe 

* ‘Pn the Friction of Fluids in Motion, and the Equilibrium and Motion 
Elastic Solids.’ Trans. Carnb. Phil. Sec,, April 1845. Sec also Comb, a 
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rigidity and resistance to compression in any class of solids. Thus 
clear elastic jellies, and India rubber, present familiar specimens of 
isotropic homogeneous solids, which, while differing very much from 
one another in rigidity (‘stiffness'), are probably all of very nearly 
the same compressibility as water. This being per pound 

per square inch; the resistance to compression, measured by its 
reciprocal, or, as we may read it, ‘308000 lbs. per square inch,* 
is obviously many hundred times the absolute amount of the 
rigidity of the stiffest of those substances. A column of any of 
them, therefore, when pressed together or pulled out, within its limits 
of elasticity, by balancing forces applied to its ends (or an India 
rubber band when pulled out), experiences no sensible change of 
volume, though a very sensible change of length. Hence the pro- 
portionate extension or contraction of any transverse diameter must 
be sensibly equal to the longitudinal contraction or extension : and 
for all ordinary stresses, such substances may be practically regarded 
as incompressible elastic solids, Stokes gave reasons for believing 
that metals also have in general greater resistance to compression, in 
proportion to their rigidities, than according to the fallacious theory, 
although for them the discrepancy is very much less than for the 
gelatinous bodies. This probable conclusion was soon experimentally 
demonstrated by Wertheim, who found the ratio qf lateral to longi- 
tudinal change of lineal dimensions, in columns acted on solely by 
longitudinal force, to be about ^ for glass.or brass; .and by Kirchhoff, 
who, by a very well-devised experimental method, found ‘387 as the 
value of that ratio for brass, and *294 for iron. For copper we find 
that it probably lies between *226 and '441, by recent experiments* 
of our own, measuring the torsional and longitudinal rigidities (§§ 609, 
657) of a copper wire. 

656 , All these results indicate rigidity less in proportion to the 
compressibility than according to Navier’s and Poisson’s theory. 
And it has been supposed by many naturalists, who have seen the 
necessity of abandoning that theory as inapplicable to ordinary solids, 
that it may be regarded as the proper theory for an ideal perfect so/irl, 
and as indicating an amount of rigidity not quite reached in any 
real substance, but approached to in some of the most rigid of 
natural solids (as, for instance, iron). But it is scarcely possible 
to hold a piece of cork in the hand without perceiving the fallacious- 
ness of this last attempt to maintain a theory which never had any 
good foundation. By careful measurements on columns of cork 
of various forms (among them, cylindrical pieces cut in the ordinary 
way for bottles) before and after compressing them longitudinally in a 
Brahmah’s press, we have found that the change of lateral dimensions 
is insensible both with small longitudinal contractions and return 
dilatations, within the limits of elasticity, and with such enormous 
longitudinal contractions as to ^ or | of the original length. It is 
thus proved decisively that cork is much more rigid, .while metalsj 

^ * On the Elasticity snd Viscosity of Metals’ (W. Thomson}, Free. jR.S., May 
1863 
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glass, and gelatinous bodies arc all less rigid, in proportion 
resistance to compression, than the supposed ‘perfect solid’; and ti 
utter vvort.hIcssness of the thc'ory is experimentally demonstrated. 

657. The motUihis of elasticity of a bar, wire, fibre, thin filamet 
band, or cortl of any material (of which the substance need not i 
isotropic, nor even homogeneous vviihin one normal section), as 
bar of glass or wood, a metal wire, a natural fibre, an India rubb 
hand, or a common tlirea<i, cord, or ta[)e, is a term introduci 
by Dr. 'rhomas Young to designate what we also sometimes call i 
lormitudmal /'/g/fZ/Vy that is, the (Quotient obtained by dividing tl 
sim|)le longitudinal force required to produce any infinitesim 
elongation or contraction by the amount of this elongation or co 
traction reckoned as always per unit of length. 

658. Instead of reckoning the modulus in units of weight, it 
someiimes convenient to express it In terms of the weight of the ur 
length of the rod, wire, or thread. The modulus thus rec.kone 
or, as it is called by some writers, the length of the modulus, 
of course found by dividing the weighMnoduUis by the weight 
the unit length. It is useful m many applications of the theory 
elasticity; as, for instance, in this result, which will be prove 
later'— the velocity of transmission of longitudinal vibrations (as 
sound) along a bar or cord, is equal to the velocity acquired I 
a body m falling from a height equal to half the length of ll 
modulus' 

659. The specific modulus of dasiichy of an isotropic substance, o 
as It is most olten called, smijily the. modulus of elasticity of the su 
stance, is the modulus of elasticity of a bar of it having some definite 
specified .sectional area. If this he such that the weight of un 
length IS unity, the modulus of the substance will lie the same as tl 
length of the modulus of any bar of it; a sy.stem of reckoning whic' 
as we have seen, has some advantages in application. It is, liov 
ever, more u.sual to choose a common unit of area as the section 
area of the bar referred to in the definition. There must also be 
definite understanding as to the unit in terms of which the force 
measured, which may be either the absolute unit (§ i8S): or tl 
gravitation unit for a specified locality; that is (§ 19 r), the weight i 
that locality of the unit of mass. Kxjicrimenters hitherto have state 
their results in terms of the gravitation unit, each for his oivn localit] 
the accuracy hitherto attained being .scarcely m any cases sufficient I 

^ Ii IS to be understood that the vibrations in question are .no much sprc.ad m 
through llic /wyM of the body, that inertua does not scnsihly influence ilic tran 
verse coniractions .and dilatations which (unless the substance have in this respe 
tlic pecvili.ir chanacler presented by cork, § 651!)) take place along with them. AIm 
under Thermodynamics, we shall see that changes of temperature produced by tl 
varying strains cause changes of stress which, m ordinary solids, render the velocii 
of transmission of longitudinal vibrations sensibly greater than that calculated I 
the rule stated in the text, if we use the slahc modutus as understocnl from tl 
definition there given; and wc sliall learn to take into account the thermal effei 
by using a definite static modulus, os kinetic modulus, according to the cLrcumstanci 
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require corrections for the different forces of gravity in the different 
places of observation. 

660 . The most useful and" generally convenient specification of 
the modulus of elasticity of a substance is in gramraes-weight per 
square centimetre. This has only to be divided by the specific 
gravity of the substance to give the length of the modulus. British 
measures, however, being still unhappily sometimes uSed in practical 
and even in high scientific statements, we may have occasion to refer 
to reckonings of the modulus in pounds per square inch or per square 
foot, or to length of the modulus in feet . 

661 . The reckoning most commonly adopted in British treatises 
on mechanics and practical .statements is pounds per square inch. 
The modulus thus stated must be divided by the weight of 12 cubic 
inches of the solid, or by the product of its specific gravity into '4337 *, 
to find the length of the modulus, in feet. 

To reduce from pounds per square inch to grammes per square 
centimetre, multiply by 70-31, or divide by -014223. French engineers 
generally state their results in kilogrammes per square millimetre, 
and so bring them to more convenient numbers, being x i r' oV tnj 
inconveniently large numbers expressing moduli in grammes-weight 
per square centimetre. 

662 . The same statements as to units, reducing factors, and nominal 
designations, are applicable to the resistance to compression of any 
elastic solid or fluid, and to the rigidity (§ 651) of an isotropic body; 
or, m general, to any one of the 21 co-efficients in the expressions 
for terras in stresses of strains, or to the reciprocal of any one of 
the 2 1 co-efficients in the expressions for strains in terms of stresses, 
as well as to the modulus defined by Young. 

663 . . In§§ 652, 653 we examined the effect of a simple longitudinal 
stress, in producing elongation in its own direction, and contraction 

^ This decimal being the weight in pounds of 12 cubic inches of water. The 
one great advantage of the French metrical system is, that the mass of the unit 
volume (1 cubic centimetre) of water at its temperature of maximum density 
<3° '945 C.) is unity (i gramme) to a sufficient degree of approximation for almost 
all practical purposes. Thus, according to this system, the density of a body and 
its specific gravity mean one and the same thing; whereas on the British no-system 
the density is expressed by a number found by multiplying the specific gravity by 
one number or another, according to the choice of a cubic inch, cubic foot, cubic 
yard, or cubic mile that is made for the unit of volume , and the grain, scruple, 
gunmaker’s drachm, apothecary’s drachm, ounce Troy, ounce avoirdupois, pound- 
Troy, pound avoirdupois, stone (Imperial, Ayrshire, Lanarkshire, Dumbarton^ 
shire), stone for hay, stone for com, quarter (of a hundredweight), quarter (of 
com), hundredweight, or ton, that is chosen for unit of mass. It is a remarkable 
phenomenon, belonging rather to moral and social than to physical science, that 
a people tending naturally to be regulated by common sense should voluntarily 
condemn themselves, as the British have so long done, to unnecessary hard labour 
in every action of common business or scientific work related to measurement, from 
which all the other nations of Europe have emancipated themselves. We have 
been informed, through the kindness of Professor W. H. Miller, of Cambridge, 
that he concludes, from a very trustworthy comparison of standards by Kupffer, of 
St. Petersburgh, that the weight of a cubic decunetre of water at temperature of 
maximum density is 1000*013 grammes. 
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in lines perpendicular to it. With stresses substituted for strains, and 
strains for stresses, we may apply the same process to investigate the 
longitudinal and lateral tractions required to produce a simple longi- 
tudinal strain (that is, an elongation in one direction, with no change 
of dimensions perpendicular to it) in a rod or solid of any shape. 

Thus a gimple longitudinal strain e is equivalent to a cubic dilata- 
tion e without change of figure (or linear dilatation equal in all 
directions), and two distortions consisting each of dilamtioa ]j<? in the 
given direction, and contraction ^ in each of two directions perpen- 
dicular to it and to one another. To produce the cubic dilatation, <?, 
alone requires (§ 651) a normal traction A'c equal in all directions. 
And, to produce either of the distortions sim]:>ly, since the measure 
(§ 154) of each is rciiuires a distorting stress equal to n x which 
consists of tangential tractions each ccpial to this amount, positive (or 
drawing outwards) in the line of the given elongation, and negative (or 
pressing inwards) in the periicndicular direction. Thus we have in all 

normal traction = +• •« «) in the direction of the givenT 

strain, and ( , , 

normal tractions I «) in cvefy direction perpen-i ^ 
Ocular to the given strain. j 

604 . If now we suppose any possible infinitely small strain (r, / 
a, c), according to the specification of § 640, to be given to a body,, 
the stress {F, Q, F, T, Cl) required to maintain it will be exiircssed 
by the following formulae, obtained by successive a[)plications of 
§ 663 (4) to the components <•, /, g separatelyji and of § 651 to 
«, If, c \ — 

5 "== m, T= nb, CT nc, 

A’ «(<?+/), 
where in « 4- 1 

665 . Similarly, by § 65 r and § 654 (3), we have 

a= 3 -~ T, c •• - U, 

n n n 

Me^{P-<TiQ^F)}, 

Mg.AF~<riF+Q)}, ■ ( 6 ) 

where 

3^’-2« , M 

and or a • V - - —\=i ~ — 1» 

2 ( 3 A 4 -n) i 
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as the formulae expressing the strain \e, / /!►, 1 ) in terms of 

the stress Q, R, S., T, U). They are of course merely the 
algebraic inversions of (5); and they might have been found by 
solving these for e,f,g, a, b, <r, regarded as the unknowna quantities. 
Mis here introduced to denote Young's modulus. 

666. To express the equation of energy for an isotropic substance, 
we may take the general formula, 

w - \{Pe + ( 2 /+ Rg+ Sa-ir Tb + Uc), 
and eliminate from it P, Q, etc., by (5) of § 664, or, again, /, etc., 
by (6) of § 665, we thus find 

667 . The mathematical theory of the equilibrium of an elastic 
solid presents the following general problems : 

A solid of any given shape, when undislurbed, (s acted on in its 
substance by force distributed through it tn any given manner, and dis- 
placements are arbitrarily produced, or forces arbitrarily applied, over 
its bounding surface. It is required to find the displacement of every 
point of its substance. 

This problem has been the -^ughly solved for a shell of homo- 
geneous isotropic substance bounded by surfaces which, when undis- 
turbed, are spherical and concentric; but not hitherto for a body 
of any other shape. The limitations under which solutions have 
been obtained for other cases (thin plates and rods), leading, as we 
have seen, to important practical results, have been stated above 
(§ ^05)- To demonstrate the laws (§ 607) which were taken in 
anticipation will also be one of our applications of the general 
equations for interior equilibrium of an elastic solid, which we now 
proceed to investigate. 

668. Any portion in the interior of an elastic solid may be 
regarded as becoming perfectly rigid (§ 584) without disturbing the 
equilibrium either of itself or of the matter round it. Hence the traction 
exerted by the matter all round it, regarded as a distribution of force 
applied to its surface, must, with the applied forces acting on the sub- 
stance of the portion considered, fulfil the conditions of equilibrium of 
forces acting on a ri^d body. This statement, applied to an infimtely 
small rectangular parallelepiped of the body, gives the general differ- 
ential equations of internal equilibrium of an elastic solid. It is to be 
remarked that three equations suflBce; the conditions of equilibrium 
for the couples being secured by the relation established above (§ 632) 
among the six pairs of tangential component tractions on the six 
faces of the figure. 

669 . One of the most beautifiil applications of the general equa- 
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that of M. de St. Venant to ‘the torsion of prisms*.' To oth 
cml of a long strait^ht jirisinatic rod, wire, or solid or hollow cylinde 
ofanyfitnn, a given oouple is applied in a plane perpendicular ti 
the length, while the other end is held first: it is required to iini 
the deg,ree of twist producetl, and the distribution of strain an( 
stress linouirhont the prism. The conditions to be satisfied lier 
are that tlie resultant action between the substance on the two side 
of .any normal section is a couple in the normal [dane, ec[ual to th 
given coujde. Our work for solving the problem will be miic 
simplified by first establishing the following preilmmary propc 
sitiuiis 

070 . I.et a suVul (wliether acolntrojnc or isotrojiic) be so acte 
on by fona; applied from without to it;; boundary, tliat throughout i( 
intenor there is no normal traction on any {ilanc parallel or pe; 
pendiiailar to a given plane, XOV, which implies, of course, th;: 
there is no distort ini' stress with axes m or parallel to this plane, an 
that the whole stress at any point of the solid b a simple clistortin 
stress of tangential forces in some direction in the plane parallel t 
XOV, and in the plane perpendicular to this direction. Then — 

(t) The interior distorting stress must be equal, and similar! 
directed, in all parts ol the solid lying in any line perpendicuh 
to the plane XO V. 

(2) It being premised that the traction at every point of nr 
surface ]icrpendicular to the plane XOV is, by liyiiothesis, a <li:;tribi 
tiun of force in lines jierpendicular to this jihine ; the integral ;mu)ui 
of it on any closed prismatic or cylindrical surface pcrpendicuhu t 
XO V, and hounded by planes parallel to it, is zero. 

(3) I’he matter within the prismatic siirfa^-e .and terminal planes < 
(2) being supposed for a moment (§ 584) to be rigid, the distriliuti* 

of tractions referred to 1 
(2) constitutes a coup 
whose moment, divided 1 
the dir-tance betivecn thoi 
terminal planes, is equal : 
the resultant force of tl 
tractions on the area 
either, and whose plane 
parallel to the lines of the 
resultant forces. In oih 
words, the moment of tl 

^ Qf forces ov 

the prismatic surface referred to in (2) round any line (f? For OX) 
the plane XOV, is equal to the sum of the components ( 7 ’ or J 
perpendicular to the same line, of the traction m either of t 
terminal planes multiplied by the distance between these planes. 

^ Menioira dts Siwantf J&lraHPm. 18^5. ‘ Do la Toniioa des. Prismes, avec < 



STATICS OF SOLIDS AND FLUIDS 


253 


Tw 


To pr6ve-(i) consider for a moment as rigid (§ 584) an. infinite- 
simal prisirf, AB (of sectional area w), per- " j. 

pendicular to XOY^ and having plane ends, n 

A, By parallel to it. There being no forces 
on its sides (or cylindrical boundary) per- 
pendicular to its length, its equilibrium so fat 
as motion m the direction of any line {OX ), 
perpendicular to its length, requires that the 
components of the tractions on its ends be 
equal and in opposite directions. Hence,, 
in the notation § 633, the distorting- stress 
components, T, must be equal at A and B; 
and so must the stress components S, for the 


same reason. 


B 


To prove (2) and (3) we have only, to remark that they are 
required for the equilibrium of the rigid prism referred to 

in (3). 

671 . -For a solid or hollow circular cylinder, the solution of § 669 
(given first, we believe, by Coulomb) obviously is that each circular 
normal section remains unchanged in its own dimensions, figure, 
and internal arrangement (so that every straight line of its particles 
remains a straight line of unchanged length), but is turned round 
the axis of the cylinder through such an angle as to give a uniform 
rate of twist equal to the applied couple divided by the product 
of the moment of inertia- of the circular area (whether annular or 
complete to the centre) into the rigidity of the substance. 

672 . Similarly, we see that if a cylinder or prism of any shape 
be compelled to take exactly the state of strain above specified (§ 671) 
with the line through the centres of inertia of the normal sections, 
taken instead of the axis of the cylinder, the mutual action betw'een 
the parts of it on the two sides of any normal section will be a couple 
of which the moment will be .expressed by the same formula, that is, 
the product of the rigidity, into the rate of twist, into the moment 
of inertia of the section round its centre of inertia. 


673 . But for any other shape 'of prism than a solid or symmetrical 
hollow circular cylinder, the supposed state of strain wall require, 
besides the terminal opposed couples, force parallel to the length 
of the prism, distributed over the prismatic boundary, in proportion 
to the distance along the tangent, from, each point of the surface, 
to the point in which this line is cut by a perpendicular to it from the 
centre of inertia of the normal section. To prove this let a norma) 
section of the prism be represented in the annexed . diagram (page 254). 
Let PK representing the shear at anymoint, P, close to the prismatic 
boundary, be resolved into PN and respectively along the nor- 
mal and tangent. The whole shear, PX being equal to rr, its 
component, PN, is equal to rrsin w or r.PE. The corresponding 
component of the required stress is m.PE, and involves (§ 632) 
equal forces m the place of the diagram, and in the plane through 
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it between two normal sections, will at each point be, when reckoned 
as a differential sliding (§ 15 1) parallel to their planes, equal to and 
in the same direction as the velocity of the liquid relatively to the 
containing box. 

67 . 6 . St. Venant’s treatise abounds in beautiful and instructive 
graphical illustrations of his results, from which we select the 
following 

(i) Elliptic (ylinder. The plain and dotted curvilineal arcs are 
‘contour lines’ {coupes topographiques) of the section as warped by 



torsion ; that is to say, lines in which it is cut by a series of parallel 
planes, each perpendicular to the axis. These lines .are equilateral 
hyperbolas in this case. The arrows indicate the direction of rotation 
in the part of the prism above the plane of the diagram. 

(2) Equilateral triangular prism . — The contour lines are shown 



as in case (i); the dotted curves being those where the warped 
section falls below the plane-of the diagram, the direction of rotation 


i 
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of the part of the prism . above the plane being indicated by th 
bent arrow. 


(3) This diagram shows a scries of lines given by St. Venan 
and more or less resembling' squares, their common equatio 
containing only one constant a. It is remarkable that the value 


”< r <— 0 ^ 








«‘~o'5.ancl give similar but not equal curv 

lineal squares (hollow sides and acute angles), one of them turne 
through half a right angle relatively to the other. Everything in th 
diagram outside the larger ofjhesc squares i^ to be cut away r 
irrelevant to the physical problem ; the series of closed curvi 
remaining exhibits figures of prisms, for any one of which the torsio 
]tro!)lem is solved algebraically. These figures vary continuously frtn 
a circle, inwards to one of the acute-angled squares, and outwards t 
the other : each, excejrt these extremes, being a continuous close 
curve with no angles. The curves for a*- o-4 and a = -~o-2 a[)proa<: 
remarkably near to the rectilineal squares, partially indicated in tl: 
diagram by dotted lines. 


(.t) 'riiis diagram shows the contour lines, in all respects as in tY 
cases (r) and (a) for the case of a prism having for section the figui 
indrcated. The portions of curve outside the continuous closed cur\ 
are merely indications of mathematical extensions irrelevant to tl 
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(^6), (7), (S). These arc shaded drawings, showing the appe; 
It'S piesented by elliptic, sipiure, and Hat rectangular bars und 




NfW 



exaggerated torsion, as may be realized with such a substance 
India rubber. 


077 . Inasmuch as the momtmt of inertia of a plane area abc 
an axis through its centre of iuerlia perpendicular to its plane 
obviously Cfiual to the sum of its moments of inertia round any t 
axc.s through the same point, at right angles to one another in 
plane, the fallacious extension of Coulomb’s law, referred to in g (y 


would make the torsional rigidity of a bar of any section -equal to 


{§ multiidied into the sum of its Ilexural rigidities (sec belc 
§ 679) in any two planes at right angles to one another throii 
Its length. 'I'he true theory, as we have seen (§ 675), .-dw; 
gives a torsional rigidity less than this.. How great the -dcliciei 
may be cxpectetl to be in cases in which the figure of the secti 
presents projecting angles, or considerable prominences (which n 
be imagined from the hydrokinetic analogy we have given in § 67 
has been pointed out by M. cle St. Venant, with the import; 
pr.actical application, that strengthening ribs, or projections (see, 
instance, the fourth annc.ved diagram), such as are introduced 
engineering to give stiffness to beams, have the reverse of a gc 
cficct when forsionai rigidity or strength is art object, although tl 
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strength to bear ordinary strains, which are always more or less 
flexural. With remarkable ingenuity and mathematical skill he has 
drawn beautiful illustrations of this important practical principle from 
his algebraic and transcendental solutions. Thus for an equilateral 


(1) 

(t) Square with curved 

Rectilineal comers and hollow 

square. sides. 


o ^3) 

Square with acute 

angles and hollow 
sides. 


<4) . 

Star with four (5) 

rounded points, Equilateral' 
being a curve of trianglef 
the eighth degree. 





•7783. -5374. -60000. 

•8276. ‘-GTdS. -72562. 


triangle, and for the rectilineal and three curvilineal squares shown 
in the annexed diagram, he finds for the torsional rigidities • the 
values stated. The number immedititely below the dia^am indicates 
in each case tlie fraction which the true torsional rigidity is of the 
old fallacious estimate (§ 673)'; the latter being the product of the 
rigidity of the substance into the moment of inertia of the cross 
section round an axis perpendicular to its plane through its centre 
of inertia. The second number indicates in each case the fraction 
which the torsional rigidity is of that of a solid -circular cylinder 
of the same sectional area. 

678 . M. de St. Venant also calls attention "to a conclusion from 
his solutions which to many may be startling, that in his simpler cases 
the places of greatest distortion are those points of the boundaiy 
which are nearest to the axis of the twisted prism in each case, and 
the places of least distortion those farthest from it. Thus in the 
elliiitic cylinder the substance is most strained at the ends of the smaller 
principal diameter, and least at the ends of the greater. In the 
etiuilateral triangular and square prisms there are longitudinal lines of 
maximum strain tlirough the middles of the sides. In the oblong 
rectangular prism there are two lines of greater maximum strain 
through the middles of the broader pair of sides, and two lines of less 
niaxiinum strain through the middles of the narrow sides. The 
strain is, as we may judge from (§ 675) the hydrokinetic analogy, 
excessively small, but not evanescent, in the projecting ribs of a prism 
of the figure shown in (4) ^ ^77- ‘luite evanescent infinitely near 
the angle, in the triangular and rectangular prisms, and in each other 
case as (3) of § 677, in which there is -a finite angle, whether acute 
or obtuse, projecting outwards. This reminds us of a general 
remark we have to make, although consideration of space may 



oblige us to leave it without formal proof. A solid of any elasti 
substance, isotropic or aeolotropic, bounded by any surfaces pn 
senting projecting edges or angles, or re-entrant angles or edge; 
however obtuse, cannot experience any finite stress or strain in th 
neighbourhood of a projeciing dcngXe (trihedral, polyhedral, or conical] 
in the neighbourhood of an edge, can on^ experience simple long 
tudinal stress parallel to the neighbouring part of the edge; an 
generally experiences infinite stress and strain in the neighbourhoo 
of a re-entrant edge or angle; when influenced by any distributio 
of force, exclusive of surface tractions infinitely near the angles c 
edges in question. An important application of the last part c 
this statement is the practical rule, well known in mechanics, ths 
every re-entering edge or angle ought to be rounded to prevent ris 
of ruptute, in solid pieces designed to bear stress. An illustratio 
of these principles is afforded by the complete mathematical solutio 
of the torsion problem for prisms of fan-shaped sections, such a 
the annexed figures. In the cases corresponding to figures (4), (5 
(6) below, the distortion at the centre of the circle vanishes in (4] 
is finite and determinate in (5), and infinite in (6). 


(i) (2) (3) (4) ( 5 ) ( 6 ) 



679 . Hence in a rod of isotropic substance the principal axe 
of flexure (§ 609) coincide with the principal axes of inertia of th 
area of the normal section ; and the corresponding flexural rigiditie 
are the moments of inertia of this area round these axes mult 
plied by Young’s modulus. Analytical investigation leads to th 
following results, due to St. Venant. Imagine the whole rod d 
vided, parallel to its length, into infinitesimal filaments (prisms whe; 
the rod is straight). Each of these contracts or swells laterally wit 
sensibly the same freedom as if it were' separated from the rest c 
the substance, and becomes elongated or shortened in a straight lin 
to the same extent as it is really elongated or shortened in the circula 
arc which it becomes in the bent rod. The distortion of the cros 
section by which these changes of lateral dimensions are necessaril 
accompanied is illustrated in the annexed diagram, in which either th 
whole normal section of a rectangular b'eam, or a rectangular area i; 
the normal section of a beam of any figure, is represented in its strainer 
and unstrained figures, with the central point O common to the twc 
The flexure is in planes perpendicular to YOY,, and concave upward 
(or towards X)\ G the centre of curvature, being in the directioi 
indicated, but too far to be included in the diagram. The straigh 
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sides £D, and all straight lines parallel to tTiem^ of the unstrained 
rectangular area become concentric arcs of circles concave in the 

If? 



\H 

opposite direction, their centre of curvature, JI, being for rods of 
gelatinous substance, or of glass or metal, from 2 to 4 times as far 
from 0 on one side as O is on the other. Thus the originally plane 
sides AC, BD of a rectangular bar become anticlastic surfaces, of 

curvatures — and — , in the two principal sections. A flat rectangular, 

P P 

or a square, rod of India-rubber [for which cr amounts (§655) to very 
nearly and which is susceptible of very great amounts of strain 
without utter loss of corresponding elastic action], exhibits this 
phenomenon remarkably well. 

680 . The conditional limitation (§605) of the curvature to being very 
small in comparison with that of a circle of radius equal to the greatest 
diameter of the normal section (not obviously necessary, and indeed 
not generally known to be necessary, we believe^ when the greatest 
diameter is perpendicular to the plane of curvature) now receives its 
full explanation. For unless \ht breadth, AC, of the bar (or diameter 
perpendicular to the plane of flexure) be very small in companson 
with the mean proportional between the radius, OH, and the thick- 
ness, AB, the distances from to the corners^', C would 
short of the half thickness, OE, and the distances \oB,D would 
exceed it by diflerences comparable with its own amount. 
would give rise to sensibly less and greater shortenings and stretchings 
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in the filaments towards the corners, and so vitiate the soluti 
; : ^ Unhappily mathematicians have not hitherto succeeded in solvi 

possibly not even tried to solve, the beautiful problem thus presen 
by the flexure of a broad very thin band (such as a watch spring) i 
a circle of radius comparable with a third proportional to its thickn 
and its breadth. 

681 . But, provided the radius of curvature of the flexure is 
only a large multiple of the greatest diameter, but also of a tl 
proportional to the diameters in and perpendicular to the plan( 
flexure; then however great may be the ratio of the greatest diam( 
to the least, the preceding solution is applicable ; and it is remarka 
; : that the necessary distortion of the normal section (illustrated in 

j diagram of § 679) does not sensibly impede the free lateral c 

tractions and expansions in the filaments, even in the case of a bn 
thin lamina (whether of precisely rectangular section, or of unec 
thicknesses in different parts). 

li ' 682 . In our sections on hydrostatics, the problem of finding 

deformation produced in a spheroid of incompressible liquid t 
given disturbing force will be solved ; and then we shall consider 
application of the preceding methods to an elastic solid sphere in tl 
bearing on the theory of the tides and the rigidity of the earth. 1 
proposed application, however, reminds us of a general remarl 
great practical importance, with which we shall leave elastic solids 
'■ : the present. Considering different elastic solids of similar siibsta 

. j and similar shapes, we see that if by forces applied to them in 

' ' way they are similarly strained, the surface tractions in or ac 

similarly situated elements of surface, whether of their bounda 
ot of surfaces imagined as cutting through their substances, must 
. ' equal, reckoned as usual per unit of area. Hence; the force aci 

I : or in, any such surface, being resolved into components paralle 

I' . any directions ; the whole amounts of each such component 

It similar surfaces of the different bodies are in proportion to the squ 

: of their lineal dimensions. Hence, if equilibrated similarly under 

* ' : action of gravity, or of their kinetic reactions (§ 230) against & 

I ; accelerations (§ 32), the greater body would be more strained thar 

, ' less ; as the amounts of gravity or of kinetic reaction of sin 

t, ? portions of them are as the suites of their linear dimensions.^ ] 

nitively, the strains at similarly situated points of the bodies 
be in simple proportion to their linear dimensions, and the disp’ 
ments will be as the squares of these lines, provided that there i 
strain in any part of any of them too great to allow the prin( 
of superposition to hold with sufficient exactness, and that no pa 
turned through more than a very small angle relatively to any c 
part. To illustrate by a single exajpnple, let us consider a uni 
long, thin, round rod held horizontally by its middle. Le 
substance be homogeneous, of density p, and Young’s modulus 
and let its length, /, be J> times its diameter. Then (as the moj 
of inertia of a circular area of radius r round a diameter is IvY 


I' 

I 
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This gives us 


... M 

flexural rigidity of the rod will (§ 679) be — tt 

% 4 . ^ - 

for the curvature at the middle of the rod the elongation and con- 
traction' \Vhere greatest, that is, at the highest and lowest points of the 
normal section through the middle point ; and the droop of the ends ; 
the following expressions 


2£p^ . Ph . 
M ' 


ZM 


Thus, for a rod whose length is zoo times its diameter, if its substance 
be iron or steel, for which p= 775, and M= 194 x 10’ grammes per 
square centimetre, the maximum elongation and contraction (being 
at the top and bottom of the middle section where it is held) are 
each equal to 8x io“® x /, and the droop of its ends 2 xio"®x/*. 
Thus a steel or iron wire, ten centimetres long, and half a millimetre 
in diameter, held horizontally by its middle, would experience only 
•000008 of maximum elongation and contraction, and only 002 of 
a centifnetre of droop in its ends : a round steel rod, of half a centi- 
metre in diameter, and one metre long, would experience 00008 of 
maximum elongation and contraction, and *2 of a centimetre of 
droop ; a round steel rod, of ten centimetres diameter, and twenty 
metres long, must be of remarkable temper (see Properties of Matter) 
to bear being held by the middle without taking a very sensible per- 
manent set : and it is probable that no temper of steel is high enough 
in a round shaft forty metres long, if only tw& decimetres in dia- 
meter, to allow it to be held by its middle without either bending 
it to some great angle, and beyond all appearance of elasticity, or 
breaking it. 

683 . In passing from the dynamics of perfectly elastic solids to 
abstract hydrodynamics, or the dynamics of perfect fluids, it is con- 
venient and instructive to anticipate slightly some of the views as to 
intermediate properties observed in real solids and fluids, which, 
according to the general plan proposed (§ 402) for our work, will be 
examined with more detail under Properties of Matter. 

By induction from a great variety of observed phenomena, we are 
compelled to conclude that no change of volume or of shape can be 
produced in any kind of matter without dissipation of energy (§ 247); 
so that if in any case there is a return to the primitive conjuration, 
some amount (however small) of work is always required to com- 
pensate the energy dissipated away, and restore the body to the same 
physical and the same palpably kinetic condition as that in which it 
was given. We have seen (§ 643), by anticipating something of 
thermodynamic principles, how such dissipation is inevitable, even in 
dealing with the absolutely elasticity of volume presented by every 

fluid, and possibly by some solids, as, for instance, homogeneous 
crystals. But in metals, glass, porcelain, natural stones, wood, India- 
rubber, homogeneous jelly, silk fibre, ivory, etc, a distinct frictioTial 
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nsisiance' against every change of shape is, as we shall se6 late 
under Properties of Matter, demonstrated by many experiments, an 
is found to depend on the speed with which the change of shape 
made. A very remarkable and obvious proof of frictional resistant 
to' change of shape in ordinary solids, is afforded by the gradua 
more or less rapid, subsidence of vibrations of elastic solids; ma 
vellously rapid in India-rubber, and even in homogeneous jelly; le: 
rapid in glass and metal springs, but still demonstrably, much moi 
rapid than can be accounted for by the resistance of the air. Th 
molecular friction in elastic solids may be properly called viscosity t 
soiuls, because, as being an internal resistance to change of shai: 
def)ending on tlie rapidity of the change, it must be classed wit 
fluid molecular friction, which by general consent is called viscosity < 
fluids. But, at the same time, we feel bound to remark that the wor 
viscosity, as used hitherto by the best writers, when solids or heten 
geneous semisolid-semifluid masses are referred to, has not bee 
distinctly applied to molecular friction, especially not to themolccuk 
friction of a highly elastic solid within its limits of high elasticity, bi 
I has rather been employed to designate a property of slow, continui 

yielding through very great, or altogether unlimited, extent of chang 
of shape, under the action of continued stress. It is in this seris 
that Forbc.s, ,for instance, lias used the word in stating that ‘Viscot 
Theory of Glacial Motion’ which he demonstrated by his gran 
ol).scrvations on glaciers. As, however, he, and many other writei 
after him, have used the wtirds jihislicity and plastic, both willi refe 
ence to liomogencous solids (such as wax or pitch, even though als 
brittle; .soft metals; etc.), and to heterogeneous semisolid-semillui 
masses (as mud, moist eaitfi, mortar, glacial ice, etc.), to designat 
the profaTty”, common to all those cases, of experiencing, imck 
continued stress eitlier (juite continued and imlimiteil change of shapi 
or gradually very great’ change at a diminishing (asymptotic) rai 
through infinite time ; and as the use of the term plasticity implies n 
more than docs viscosity, any jihysical theory or explanation of tli 
property, the word viscosity is without inconvenience left availabl 
for the definition we have given of it above. 

684 . A perfect Jluid, or (as we ‘ihall c.all it) a fliud, is an unreali/aibl 
conception, like a rigid, or a smootli, body: it is defined as a boil 
iBcapable of resisting a change of sh.-ipe : and therefore incapable < 
experiencing distorting or tangential stress 640). Hence its pre 
sure on any surface, wliether of a solid or of a contiguous portion < 

* See of the KoyA Society, May 1865, ‘On llic Viscosity ai 

Efftslicity of Metals’ (W. 'nunnson). 

* Some conlusion of ideas miglit have been avoided on the part of writers wl 
have professedly ofijctted to Furl>cs’ theory while really olijecting only (and v 
Ijelicvc p.rourullcsNly) to his usage of the word viscosity, if they h.id paused 
roiisider that no tine physical explanation can hold for tho.se several eases; ar 
that Forlses’ theory is merely the proof by observation that glaciers have tl 
pro]K:rty that mud (heterogeneous), mortar (heterogeneous), _ ])itcti (hoinogeiicous 

nil nf i*hsirnri«ir Anri rmHiniWni*. 
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the fluid, fs at every point perpendicular to the surface. In equi- 
librium, aU common liquids and gaseous fluids fulfil the definition. 
But there is finite resistance, of the nature of friction, opposing change 
of shape at a finite rate; and, therefore, while a fluid is changing 
shape, it exerts tangential force on every surface other than normal 
planes of the stress (§ 635) required to keep this change of shape 
going on. lienee; although the hydrostatical results, to which we 
immediately proceed, are verified in practice; in treating of hydro- 
kinetics, in a subsequent chapter, we shall be obliged to introduce the 
consideration of fluid friction, except in cases. -where the circumstances 
arc such as to render its effects insensible. 

685. With reference to a fluid the pressure^at any point in any 
direction is an expression used to denote the average pressure per unit 
of area on a plane surface imagined as containing the point, and 
perpendicular to the direction in question, when the area of that 
surfitcc is indefinitely diminished. 

68B. At any point in a fluid at rest the pressure is the same in 
all directions: and, if no external forces act, the pressure is the same 
at every point. For the proof of these and most of the following 
propositions, we imagine, according to § 584, a definite portion of 
the fluid to become solid, without changing its mass, form, or 
dimensions. 

Sujipose the fluid to be contained in a closed vessel, the pressure 
within depending on the pressure exerted on it by the vessel, and not 
on any external force such as gravity. 

687. The resultant- of the fluid pressures on the elements of any 
portion of a spherical surface must, like each of its components, pass 
through 'the centre of the sphere. Hence, if we suppose (§ 584) a 
portion of tlie fluid in tlie form of a. plano-convex lens to be solidified, 
the resultant' pressure bn the plane side must pass through the centre 
of the sphere; and, therefore; being perpendicular to the plane, must 
jiass tlirough the centre of the circular area. From this it is obvious 
that the pressure is the .same at all points of any plane in- the fluid. 
Hence the resultant pressure on any plane surface passes through 
its centre of inertia. 

Next, imagine a triangular pristn of the fluid, with ends perpen- 
dicular to its faces, to be solidified. The resultant pressures on. its 
ends act in the line joining the centres of inertia of their area5, 
and are equal since the resultant pressures on the ^des are in 
directions i)erpendicular to this line. Hence die pressure is the same 
in all parallel planes. 

But the centres of inertia of the three faces, and the resultant 
pressures ap])lied there, lie in a triangular section parallel to the ends. 
The pressures act at the middle points of the sides of diis triangle, 
and perpendicularly to them, so that their directions meet in a 
point. And, as they are in equilibrium, they must be proportional 


faces must be proportional to the areas of the faces, and therefore 
the pressure is equal in any two planes which meet. 

Collecting our results, we see that the pressure is the same at all 
points, and in all directions, throughout the fluid mass. 

688. Hence if a force be applied at the centre of inertia of each 
face of a polyhedron, with magnitude proportional to the area of 
the face, the polyhedron will be in equilibrium. For we may suppose 
the polyhedron to be a. solidified portion of the fluid, The resultant 
pressure on each face will then be proportional to its area, and will 
act at its centre of inertia; which, in this case, is the Centre of 
Pressure. 

689. Another proof of the equality of pressure throughout a mass 
of fluid, uninfluenced by other external force than the pressure of the 
containing vessel, is easily furnished by the energy ciiterion of equi- 
librium, § 254; but, to avoid complication, we will consider the fluid 
to be incompressible. Suppose a number of pistons fitted into 
cylinders inserted in the sides of the closed vessel containing the fluid. 
Then, if A be the area of one of these pistons, p the average pressure 
on it, X the distance through which it is pressed, in or out; the energy 
criterion is that no work shall be done on the whole, i. e. that 

= o, 

as much work being restored by the pistons which are forced out, as 
is done by those forced in. Also, since the fluid is incompressible, it 
must have gained as much space by forcing out some of the pistons 
as it lost by the intrusion of the others-. This gives 
A^x^-i-A^x^ + ... = X(Ax)^o. 

The last is the only condition to which x^, x^, etc., in the first equa- 
tion, are subject; and therefore the first can only be satisfied if 
A=A=A = etc., 

that is, if the pressure be the same on each piston. . Upon this pro- 
perty depends the action of Bramah's Hydrostatic Press. 

If the fluid be compressible, the work expended in compressing it 
from volume V to V- SV, a.t mean pressure /, is po V. 

If in this case we assume the pressure to be the -same throughout, 
we obtain a result consistent with the energy criterion. 

The work done on the fluid is S {Apsd)^ that is, in consequence of 
the assumption, p'% {Ax). 

But this is equal to phVt 

for, evidently, 2 {Ax) - 8 V. 

690. When forces, such as gravity, act from external matter upon 
the substance of the fluid, either in proportion to_ the density of its 
own substance in its different parts, or in proportion to the density 
of electricity, or of magnetic polarity, or of any other conceivable 
accidental properly of it, the pressure will still be the same in all 
directions at any one point, but will now vary continuously from 
point to point For the preceding demonstration (§ 687) may. still 
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be applied by simply talcing the dimensions of the prism small 
enough; since the pressures are as- the squares of its linear dimen- 
sions, and the effects of the applied forces such as gravity, as the 
cubes. 

691. When forces act on the whole fluid, surfaces of equal pressure, 
if they exist, must be at every point perpendicular to the direction of 
the resultant force. For, any prism of the fluid so situated that the 
whole pressures on its ends arc equal must experience from the 
applied forces no component in the direction of its length; and, 
therefore, if the prism be so small that from point to point of it the 
direction of the resultant of the applied forces does not vary sensibly, 
this direction must be perpendicular to the length of the prism. 
From this it follows that whatever be the physical origin, and the law, 
of. the system of forces acting on the fluid, and whctlier it be con- 
servative or non-conservative, the fluid cannot be in equilibrium unless 
the lines of force possess the geometrical property of being at right 
angles to a series of surfaces. 

692. Again, considering two surfaces of equal pressure infinitely 
near one another, let the fluid -between them be divided into columns 
of equal transverse section, and having their lengths perpendicular td 
the surfaces. The difference of pressure on the two ends being the 
same for each column, the resultant api)lied forces on the fluid masses 
composing them must be equal. Comparing this with § 506 , we see 
that if the applied forces constitute a conservative system, the density 
of matter, or electricity, or whatever property of the substance they 
depend on, must be equal throughout the layer under considcrationi 
This is the celebrated hydrostatic proposition that in afltiid at rest, 
snr/aces of equal fressure are also surfaces of equal density and of equal 
potential. 

693. Hence -when gravity is the only external force considered, 
surfaces of etpud pressure and cciual density are (when of moderate 
extent) horizontal pianos. On tliis depends the action of levels,, 
.siphons, barometers, etc. ; also the separation of liquids of different 
densities (which do not mix or combine chemically) into horizontal 
.strata, etc., etc. The free surface of a liquid is exposed to the pressure 
of the atmosphere simjfly; and therefore, when in equilibrium, must 
be a .surface of equal pressure, and consc([ueiuly level. In extensive 
.sheet.s of water, such as the American, lakes, differences of atmo- 
spheric pressure, even in moderately calm weather, often produce con- 
siderable deviations from a truly level surflxee. 

694. The rate of increase of pressure per unit of length in the 
direction of the resultant force, is etpial to the intensity of the force 
reckoned ])er unit of volume of the fluid. Let F be the resultant 
fljrce per unit of volume in one of the columns of ^ 692 ; p and p' 
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If the applied forces belong to a conservative system, for wh 
V and Y are the values of the potential at the ends of the colui 
we have (§-504) 

V'~V=-lFp, 

where p is the density of the fluid. This gives 
/-p=-p{Y-y), 
or dp=:-pdV. 

Hence in the case of gravity as the only impressed force the i 
of increase of pressure per unit of depth in the fluid is p, in gravitat 
measure (usually employed in hydrostatics). In kinetic or absol 
measure (§ 189) it is gp. 

If the fluid be a gas, such as air, and be kept at a constant te 
perature, we have p = cj>, where c denotes a constant, the reciprocal 
II, the ‘height of the homogeneous atmosphere,’ defined (§ 6 
below. Hence, in a calm atmosphere of uniform temperature 
have 



and from this, by integration, 

where is the pressure at any particular level (the sea-level, 
instance) where we choose to reckon the potential as zero. 

When the differences • of level considered are infinitely small 
comparison with the earth’s radius, as we may practically regard the 
in measuring the heights of mountains, or of a balloon, by the ba 
meter, the force of gravity is constant, and therefore differences 
potential (force being reckoned in units of weight) are simply eq 
to differences of level. Hence if x denote height of the level 
pressure p above that of we have, in the preceding formulae, V = 
and therefore 

p = that is, 

695 . If the air be at a constant temperature, the press 
diminishes in geometrical progression as the height increases 
arithmetical progression. This theorem is due to Halley. With 
formal mathematics we see the truth of it by remarking that 
ferences of pressure are (§ 694) equal to differences of level multipl 
by the density of the fluid, or by the proper mean- density when 
density differs sensibly between the two stations. But the dens 
when the temperature is constant, varies in simple proportion 
the pressure, according to Boyle’s law. Hence differences of p: 
sure between pairs of stations differing equally in level are j 
porlional to the proper mean values of the whole pressure, whicl 
the well-known compound interest law. The rate of diminution 
pressure per unit of length upwards in proportion to the wh 
;pressure at any point, is of course equal to the reciprocal of the hei 
I ■ jabove that point that the atmosphere must have, if ol const 
density, to give that pressure by its weight. The height thus defii 
!$ commonly called .‘the height of the homogeneous atmosphere 
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very convenient conventional expression. It is equal to the product 
of the volume occupied by the unit mass of the gas at any pressure 
into the value of that pressure reckoned per unit of area, in- terms of 
the weight of the unit of mass. If we denote it by the expo- 
nential expression of the law is 

which agrees with the final formula of § 694.^ 

The value of IT for dry atmospfieric air, at the freezing tem- 
perature, according to Regnault, is, in the latitude of Paris, 799,020 
centimetres, or 26,215 feet Being inversely as the force of gravity 
in different .latitudes (§ 187), it is 798,533 centimetres, or 26,199 feet, 
in the latitude of Edinburgh and Glasgow. 

696 . - It is both necessary and sufficient for the equilibrium of an 
incompressible fluid completely filling' a rigid closed vessel, and 
influenced only by a conservative system of forces, that its density be 
uniform over every equipotential surface, that is to say, every surface 
cutting the lines of force at right angles. If, however,^ the boundary, 
or any paVt of the boundary, of the fluid mass considered, be not 
rigid; whether it be of flexible solid matter (as a membrane, or a thin 
sheet of elastic solid), or whether it be a mere geometrical boundary, 
on the other side of which there is another fluid,' or nolhing [a case 
which, without believing in vacuum as a reality, we may admit in 
abstract dynamics (§ 391}], a farther condition is necessary to secure 
that the pressure from without shall fulfil the hydrostatic equation 
at every point of the boundary. In the' case of a bounding membrane, 
this condition must be fulfilled either ^through pressure artificially 
applied from without, or through the interior elastic forces of the 
matter of the membrane. In the case of another fluid of different 
density touthing it on the other side of the boundary, all round or 
over some part of it, with no separating membrane, the condition 
of equilibrium of a heterogeneous fluid is to be fulfilled relatively 
to the whole fluid mass made up of the two; which shows that at the 
boundary the pressure must be constant and equal to that of the fluid 
on the other side. Thus water, oil, mercury, or any other liquid, in 
an open vessel, with its free surface exposed to the air, requires for 
equilibrium simply that this surface be level. 

697 . Recurring to the consideration of a finite mass of fluid 
completely filling a rigid closed vessel, we see, from what precedes, 
that, if homogeneous and incompressible, it cannot be disturbed from 
equilibrium by any conservative system of forces; but we do not 
require the analytical investigation to prove this, as we should have 
‘the perpetual motion’ if it were denied, which would violate the 
, hypothesis that the system of forces is conservative. On the_ other 
hand,- 3 . non-conservative system of forces cannot, under any circum- 
stances, equilibrate a fluid which is either uniform in density through- 
out, or of homogeneous substance, rendered heterogeneous in density 
only through difference of pressure. But if the forces, though not 



ABSTRACT DYNAMICS, 


2JK> 

conservative, be such that through every point of the space occupied 
by the fluid a surface may be «iiawn which shall cut at right angjes 
all the lines of force it meets, a heterogeneous fluid will rest in 
equilibrium under their influence, provided (§ 692) its density, from 
point to point of evei^ one of these orthogonal surfaces, varies in- 
versely as the, product of the jesultant' force into the thickness of 
the infinitely thin layer of space between tliat surface and another of 
the orthogonal surfaces infinitely, near it on either side. (Compare 
§ S06). 

698 . If we imagine all the fluid to become rigid except an infinitely 
thin dosed tubular portion lying in a surface of equal, density, and if 
the fluid in this tubular circuit be moved any length along the tube 
and left at rest, it will remain in. equilibrium in the new position, 
all positions of it in the tube being indifferent because of its homo- 
geneonsness. Hence the work (positive or negative) done by the 
force {Xi F, Z)' on any portion of the fluid in any displacement 
along the tube is balanced by the work (negative or positive) done on 
the remaiDder of the fluid in the tube. Hence a single particle, acted 
on only by F Z, while moving round the circuit, that is moving 
along any closed curve on a surface of equal density, has, at the end 
of one complete circuit, done just as much work against the force in 
some parts of its course, as the forces have done on it in the re- 
mainder of the cireuiL 

699 . The following imaginary example, and its realization in a 
subsequent section (§ 701), show a curiously interesting practical 
application of the theory of fluid equilibrium 'under extraordinary 
circumstances, generally regarded as ’a merely, abstract analytical 
theory, practically useless and quite unnatural, ‘because forces in 
nature follow the conservative law.’ 

700! Let the lines of force be circles, with their centres all in one 
line, and their planes perpendicular to it. They are-_ cut at ,.^ight 
angles by planes through this axis; and therefore a fluid may be in 
'equilibrium under such a system of forces. The system will not be 
conservative if the intensity of the .force be according to any other law 
than inverse proportionality to distance from this axial line; and the 
fluid, to be in equilibrium, must be heterogeneous, and be so dis- 
tributed as to vary in density from point to point of eve^ plane 
through the axis, inversely as the product of the force into the 
distance from the axis. But from one such plane to another it may 
be either uniform in density, or may vary arbitrarily. ^ To particularize 
farther, we may suppose the force to be in direct simple proportion 
to the distance from the axis. Then the fluid will be in equilibrium 
if its density varies from point to point of every plane through the 
axis, inversely as the square of that distance. If we still farther, 
particularize by making the force uniform all round each circular lirie 
of force, the distribution bf force becomes precisely that of the kinetic 
reactions of the parts of a rigid body against accelerated rotation. 
The fluid pressure will (§ 691) be equal over each plane through the 



STATICS OF SOLIDS AND FLUIDS. 271 

fivifc And in one such plane, which, we may imagine “carried round 
the axis in the direction of the force, the fluid pressure will increase in 
simple proportion to the angle at a rate per unit angle (§ 55) equal to 
the product of the density at unit distance into the force at unit distance 
Hence it must be remarked, that if any closed line (or circuit) can be 
'drawn round the axis, without leaving the fluid, there cannot be 
equilibrium without a firm partition cutting every such circuit, and 
maintaining the difference of pressures on the two sides of it, corre- 
sponding to the angle sir. Thus, if the 
•axis pass through the fluid in any part, 

there must be a partition extending from % 

this part of the axis continuously to the 

outer bounding surface of the fluid. Or if sW ^ ^ 

the bounding surface of the whole fluid be 

annular (like a hollow anchor-ring, or of 

any irregular shape), in other words, if the 

fluid fills a tubular circuit; and the axis 

I A) pass through the aperture of the ring 

(without passing into the fluid); there must be a firm partition {CD) 
extending somewhere continuously across the channel, or possaga- or 
tube, to stop the circulation of the fluid round it; otherwise there, 
could’ not be equilibrium with the supposed forces in action. If we 
further suppose the density of the fluid to be uniform round each of 
the circular lines of force ir? the system we have so far considered (so 
that the density shall be equal over every circular cylinder having the 
line of their centres for its axis, and 'shall vary from one such 
cyliftdrical surface to another, inversely as the squares of their radii), 
we may,' without disturbing the equilibrium, impose any conservative 
system of force in lines perpendicular to the axis; that is (§ 506), any 
system of force in this direction, with intensity varying as some 
function of the distance. If this function be the simple distance, the 
superimposed system of force agrees precisely with the reactions 
against curvature, that is to say, the centrifugal forces, of the parts of 
a rotating rigid body. 

701 Thus we arrive the remarkable conclusion, that if a rigid 
closed box be completely filled with incompressible heferogeneous 
fluid, of density varying inversely as the square of the distance from 
a certain line, and if the box be movable round this line as a fixed 
axis,- and be urged in any way by forces applied to its outside, the 
fluid will remain in equilibrium relatively to the box; that is to say, 
will move round with the box as if the whole were one rigid body, 
wHl come to rest v,ith the hott if the box be brought egaia to 
. rest; provided always the preceding condition ^ to partitions be 
fulfilled if the axis pass through the fluid, or be surrounded by 
continuous lines of fluid. For, in starting from rest, t/ the pid 
SiovTSe a rigid solid, we have teactions against acceleration, 
tangential to the circles of motion a„d equal m amount ft 
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of acceleration (§ 57 ) of the an^lar velocity; and (see Vol. 11.) we 
have, in the direction perpendicular to the axis outwards, reaction 
against curvature of path, that is to say, ‘centrifugal force,’ equal to 
toV per unit of mass of the fluid. Hence the equilibrium which we 
have demonstrated in the preceding section, for the fluid supposed 
at rest, and arbitrarily influenced by two systems of force (the circular 
non-conservative and the radial conservative system) agreeing in law 
with these forces, of kinetic reaction, proves for us now the D’Alem* 
bert (§ 23 o)'equilibrium condition for the motion of the whole fluid aS' 
of a rigid body experiencing accelerated rotation: that is to say,, 
shows that this kind of motion fulfils for the actual circumstances the 
law's of motion, and, therefore, that it is ike motion actually taken by 
the fluid. 

702. In § 688 we considered the Tesultant pressure on a plane 
surface, when the pressure is uniform. We may now consider 
(briefly) the resultant pressure on a plane area when the .pressure 
varies from point to point, confining our attention to a case of 
great importance; — that in which gravity is the only applied force, 
and the fluid is a nearly incompressible liquid such as water. In this 
case the determination of the position of the Centre of Pressure is 
very simple; and the whole pressure is the same as if the plane area 
were turned about its centre of inertia into a horizonal position. 

The pressure at any point at a depth z in the liquid may be ex- 
pressed by 

where p is the (constant) density of the liquid, and the (atmo- 
spheric) pressure at the free surface, reckoned in units of weight per 
unit of area. 

Let the axis of .3? be taken as the intersection of the plane of the 
immersed plate with the free surface of the liquid, and that of y 
perpendicular to it and in the plane of the plate. ' Let a be the 
inclinatidh of the plate to the vertical. Let also A he the area of the 
portion of the plate considered, and x,y, the co-ordinates of its centre 
of inertia. 

Then the whole pressure is 

Jf/dx/fy = ff (/o + py cos a) dxly 
= Aj!>g -I- Apy cos a. 

The moment of the pressure about the axis of h: is 
/ Ipydxdy — Apgj/ + Ak^p cos a, 

/& being the radius of gyration of the plane area about the axis of x. 

For the moment about y we have 

J Jpxdxdy = Ap^x + p cos a f fxydxdy. 

The first terms of these three expressions merely give us again the 
results of § 688; we may therefore omit them. This will be equi- 
valent to introducing a stratum of additional liquid above the free 
surface such as to produce an equivalent to the atmospheric pressu/e,' 
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If the origin be now shifted to the upper surface of this stratum we 
have 

Pressure =»= Apy cos a, 

Moment about Ox = A^p cos o, 

Distance of centre of pressure from ajds of . 

y 

But if be the radius of Ration of the plane area about a horizontal 
axis in its plane, and passing through its centre of inertia, we have 

Hence the distance, measured parallel to the axis of^, of the centre 
of pressure from the centre of inertia is 



and, as we might expect, diminishes as the plane area is more and 
more submerged- If the plane area be turned about the line .through 
its centre of inertia parallel to the axis of x, this distance varies as 
the cosine of its inclination to the vertical; supposing, of course, that 
by the rotation neither more nor less of the plane area is submerged. 

•703. A body, wholly or partially immersed in any fluid influenced 
by gravity, loses, through fluid pressure, in apparent weight an amount 
equal to the weight of the fluid displaced. For if the body were 
removed, and its place filled with fluid homogeneous with the sur- 
rounding fluid, there would be equilibrium, even if this fluid be sup- 
posed to become rigid. And the resultant of the fluid pressure upon 
it is therefore a single force equal to its weight, and in the vertical 
line through its centre of gravity. But the fluid pressure on ^ the 
originally immersed body was the same all over as on the solidified 
portion of fluid by which for a moment we have imagined it replaced, 
and therefore must have the same resultant. This proposition is of 
great use in Hydrometry, the determination of specific gravity, etc., 
etc. 

704. The following lemma, while in itself interesting, is of great 
use in enabling us to simplify the succeeding investigations regarding 
the stability of equilibrium of floating bodies :-^ 

Let a homogeneous solid, the weight of unit of volume of 
we suppose to be unity, be cut by a horizontal plane in XYXx, 
Let O be the centre of inertia, 
and let XX, YY’ be the principal 
axes, of this area. 

Let there be a second plane 
section of the solid, through YY , 
inclined to* the first at an infinitely X 
small angle, Q. Then (i) the 
•volumes of the two wedges cut 
from the solid by these sections 
. Ir>\ tVipir r.pntres of 
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dicular to FF; and ( 3 ) the moment of the weight of each of l 
round FF, is equal to the moment of inertia, about it of the < 
spontling portion of the area multiplied by 0. 

Take OXy F as axes, and let Q be the angle of the wedge 
tiiickness of tlie wedge at any point jP, (ar, _y), is Ox, and the vc 
of a right prismatic portion whose base is the elementary area 
at B is Oxdxdy, 

Now let [ ] and ( ) be employed to distinguish integrations extc 
over the portions of area to the right and left of the axis of 
speetivcly, while integrals over the whole area have no such c 
guishing mark. Let 2 /and ?/ lie the volumes of the wedges; (: 
(a'> ji'') the co-ordinates of ilieir centres of inertix Then 

whence 2 / ~ z/' = ^ ffxdxdy = o since O is the centre of inertia. H 
zj’^v'y which is (r). 

Again, taking moments about JOT', 

tty ^0 [Jfxydxdyly 
and - z/y ~ 6 (jfxydxdy). 

Hence vy - v'y' ^ 0 Jjxydxdy. 

But for a principal axis 'Sxyd/n vanishes. Hence vy-v'y 
whence, since 5 y = z/', wc have 

y "' 3 ’', which proves ( 2 ). 

And ( 3 ) is merely a statement in words of the obvious cquatic 
[jjx.xOdxdy] 0 [jjx\dxdy]. 

705. If a positive amount of work is required to produce 
possible infinitely small displacement of a body from a positic 
etpiilibrium, the oquiUl)rium in this position is stable 356 ). 
apply this test to the c:ise of a lloalijig body, we may remark, 
tliat any possible infinitely small displacement may .-^o, xq( 
conveniently regarded as compounded of two horizontal displacen 
in lines at right angles to one another, ojiie vertical displacement, 
three rotations round rectangular axes through any ch(,)sen point 
one of the.sc'.axes be vertical, tlum tlut-c of the component disp 
ments, viz. the two horizonl;d displacements and the rotation a 
the vertical axis, recpiire no work (positivi! or negative), and there 
so far as they arc concerned, the equilibrium is essentially nei 
lUtt so far as the other three modes of displaeemcnt are eoncci 
the ctjuilil/riiun may be positively stable, or may he uu.stable, or 
be neutral, according to the fulfilment of conditions which wo 
proceed to investigate, 

700. If, first, a simple vertical dispilacemcnt, downwarjls, h 
suppose, be made, the work is done against an increasing resu 
of upward lluiil pressure, and is of cour.se equal to the mean inci 
of this ftirce multiplied by the whole sj/aec. If this space be dec 
by », the area of the phute of flutalituii by //, and the weight of 
bulk of the liquid by w, the increased bulk of iimncrsioti is clearlj 
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and therefore the increase of the resultant of fluid pressure is wAz, 
and is in a line vertically upward through the centre of gravity of A. 
The meaii force against which the work is done is therefore 
as this is a case in which work is done against a force increasing 
from zero in simple proportion to the space. Hence the work done 
is ^wAz^. We see, therefore, that so far as vertical displacements 
alone are concerned, the equilibrium is necessarily stable, unless the 
body is wholly immersed, when the area of the plane of flotation 
vanishes, and the equilibrium is neutral. 

707. The lemma of § 704 suggests that we should take, as the 
two horizontal axes of rotation, the principal axes of the plane of 
flotation. Considering then rotation through an infinitely small angle 



« round one of these, let G and B be the displaced centres of gtav!^ 

of the solid, and of the portion of its ri'f„Sio“ wS* 

when it was floating m equilibrium, and G , E the positions wnic 
SeTtohad; all projected on the plane of the dtpam whKh we 
suppose to be through Wv^r^ift^ight' 

;Stf thtS preS on ft is 
l^'IlfwSSo^g&ected by 

additional immersion of *e »ed8e -dW , and tte ^ ^ 
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gravity and fluid pressure on the displaced body is the couple trf 
forces up and down in verticals through 6^ and E, and the correction 
due to the wedges. This correction consists of a force vertically 
upwards througli the centre of gravity of A'lA, and downwards 
through that of BUI. These forces are equal 704 ^i)], and 
therefore constitute a couple which [704 (a)] has the axis of the 
displacement for its axis, and which [§ 704 (3)] has its moment equal 
to Owk^A if A be dte area of the plane of flotation, and k its radius 
of gyration 235) round the principal axis in (piestion. But since 
GE, which was vertical {G'JI) in the po.sitictu of eepiilibrium, .is 
inclined at the infinitely small angle 0 to the vertical in the displaced 
boily, the couple of forces W in the verticals through G and B has 
for moment Wh$, if k denote GE\ and is in a plane peqiendicular 
to the axis, and in the direction tending to increase the displacement, 
when G is above E. Hence the resultant action of gravity and fluid 
pressure on the displaced body is a couple whose moment is 

{wAfI- Wh) 0 , or w{Ak^-- Vh% 

if V be the volume immersed. It follows that when Ak^> Vh the 
equilibrium is stable, so far as this displacement alone is concerned. 

Also, since the couple worked against in producing the displace- 
ment increases from zero in simple proportion to the angle of dis- 
placement, its mean value is half the above; xmd therefore the whole 
amount of work done is e(j,ual to 

lw{Ak^-> Vk)0\ 


708 . If now wc (•onsulcr a displacement compounded of a vertical 
(downwards) di.s[»laccincnt s, and rotations throng, h infinitely small 
ang,lcs d, 1 )' round the two hoii/ontal principal axes of the jilanc of 
flotation, we see (bi 706, 707) that the work retiuired to produce it is 
ctiual to 

!«/ [AI^ + {Ak^ - Vk) 0 * 4 {Ak’^ - Vh) O'^l 

and wc conclude that, for complete stability with reference to all pos- 
sible displacements of this kind, it is necessary and suflicient that 


h < 



Ak'^ 

■ ■ 1/ • 


709 . When the displacement is about any axis tbrough the centre 
of inertia of the plane of flotation, the n-sultant of thiid pres auvs is 
eipial to the weight of the hoily; but it is tndy when the axis is .a 
principal axis (tf the plane (sf flotation that this resultant is in the 
plane of dit;p!accincnt. In stu h a casf the point (<!' infer tion (»f 
the ri-siiltant with the lim- (uigni.illy ViSfical, anti thtoug.h the canitrc 
of gravity t*f the luiily, is tailrd the And it is tthvittiis, 

from tilt* uhtjvc investigation, that for cither of these planes of dis- 
placement the conditiMU tU stsl'ic cquilduium is that tin* lurtaecntre 
shall he i/Av.r the centre of gia\i:y. 

VIO, Wc shall conclmlc with the c:on;.ldeiation of otic i a:;e of the 
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eqtlilibnuni of a revolving mass of fluid subject only to the gravitation 
of its parts, which admits of a very simple synthetical solution, without 
any restriction to approximate sphericity 5 and for which the following, 
remarkable theorem was discovered by Newton and Maclaurin : — ’ 

711. An oblate ellipsoid of revolution, of any given eccentricity, is 
a figure of equilibrium of a mass of homogeneous incompressible 
fluid, rotating about an axis with determinate angular velocity, and. 
subject to no forces but those of gravitation among its parts. 

The angular velocity for a given eccentricity is independent of the 
bulk of the fluid, and proportional to the square root of its density. 

712. The proof of this proposition is easily obtained from the 
results already deduced with respect to the attraction of an ellipsoid 
and the properties of the free surface of a fluid. 

We know, §S33 j ifAFLhe a meridian section of a homo- 
geneous oblate spheroid, A C ihe polar axis, CL an equatorial radius^ 
and F any point on the surface, the attraction of the spheroid may be 
resolved into two parts; 
one, Pj), perpendicular to 
the polar axis, and vary- 
ing as the ordinate PM', 
the other, Ps, parallel to 
the polar axis, and vary- 
ing as PN. These com- 
ponents are not equal 
when MP and PN are 
equal, else the resultant 
attraction at all points in 
the. surface would pass 
through C; whereas we 
know that it is in some 
such direction as Pf, cutting the radius £C between B and C, but a 
a point nearer to C than n the foot of the normal at P. Let then 

Pj>=a.PM, 
and Ps-P.PN, 



where a and (3 are known constants, depending merely on the density 
(p), and eccentricity (<?), of the spheroid. 

Also, we know by geometry that CN. 

Hence; to find the magnitude of a force Pg perp.endicular to the 
axis of the spheroid, which, when compounded with the attraction, 
will bring the resultant force into the normal Pn : make In^^Pq, and 
we must have 



Pr Nn 


CN 
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Now if the spheroid were to rotate with angular velocity o) about A C, 
the centrifugal force, §§ 39, 42, 225, would be in the direction Tq, 
and would amount to 

ilTM. 

Hence, if we 'make 

< 0 * « a — (i —P) (3, 

the whole force on JP, that is, the resultant of the attraction and 
centrifugal force, will be in the direction of the normal to the sur- 
face, which is the condition for the free surface of a mass of fluid in 
equilibrium. 

Now, (§ 522 of our larger work) 


Hence 


a sa 27 rp 


;3 = 47rp 


<0 = 27 rp 


— Sm ^ e- 
\ ^ 






sm V-3-- 


This dclormincs the angular velt.icily, and proves it to be proportional 
to 7/). 

713, If, after I.aplace, wc introduce instead of e a quantity « 
defmed by the eciuatiun 

„ I 1 


or a tan (sin~*<?), ) 

J 

tlie expression (i) for <i>“ is much .simplified, and 

— .»tan (3) 

When e, and therefore also c, i.s small, this formula is most c:tsily 
calculated from 

(4) 

of which the first term is sufiieient when we deal with si>heroi(l.s so 
little' oblate as the earth. 

The following tabic has !)cen cnknlated by means of thesis simpli- 
fied formulae. The last figure in eat;h of the four last ctjiunmii is 
given to the nearest unit The two lust columns will be explained a 
few sections later: — 
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0*0027 

•0107 

•0243 

•0436 

*0690 

•1007 

*1387 

•iSi6 



~ when/} =3*68x10“’'. (1 + 


*2203 

•2225 

*2241 

•2247 

•2239 

*2213 

•2160 

•2063 

*1890 

•155* 

0*0000 


7 9, 966 
39^397 
26,495 
19,780 
iS»73o 

J3,022 

11,096 

9.697 

8,804 

8,759 

8,729 

8,718 

8,732 

8,783 

8,891 

9,098 

9.504 

10,490 

00 


0*0027 

*0110 

*0258 

•0490 

'0836 

*1356 

•2172 

'3588 

•6665 

*7198 

,17813 

‘S533 

'9393 

1*045 

1*179 

I '359 
1*627 


From this wc suo that the value of increases gi*adually froni 

zero to a maximum as the eccentricity c ri.scs from zero to about 0*93, 
and then (more (luickly) falls to zero as the eccentricity rises from 
0*93 to unity, 'i’lie values of the other quantities corresponding to 
this maximum arc g,iveu in the table. 

714. If the angular velocity exceed the value calculated from 

. (5) 

when for p is substituted the density of the liquid, equilibrium is im- 
possible in the form of an ellipsoid of 'revolution. If the angular 
velocity fall short of this limit there are always two ellipsoids of 
revolution which satisfy the conditions of equilibrium. In one of 
these the eccentricity is greater than 0*93, in the other less. 

715. It may be useful, fur special applications, to indicate briefly 
how p is measured in thcr.o formulae. In the definitions of §§ 476, 
477, on which the attraction formulae arc. based, unit mass is defined 
as exerting unit fon'C on unit mass at unit distance; and unit volume- 
density is that of a body which has unit mass in unit volume. Hence, 
with the foot ns our linear unit, we have for the earth's atU'action on 
a particle of unit mass at its surface 

— ss A * w ■12 '2 ! 
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where D is the radius of the earth (supposed spherical) in feet, and 
<r its mean density, expressed in terms of the unit just defined. 

Taking 20,900,000 feet as the value of R, we have 

cr = 0*000000368 = 3*68 V io“^. (6) 

As the mean density of the earth is somewhere about 5*5 tinres that 
of water, the density ' of water in terms of our present unit is 

io-’^=i6*7 X io“*. 

5-5 

716 . The fourth coluinn of the table above gives the time of rota* 
tion in seconds, corresponding to each value of the eccentricity, p 
being assutned equal to the mean density' of the earth. For a mass 
of water these numbers must be multiplied by Js'S) the time of 
rotation to give the same figure is inversely as the square root of the 
density. 

For a homogeneous liquid' mass, of the earth’s mean density, 
rotating in 23** 46™ 4* we find 0*093, which corresponds to an 
ellipticity of about 

717 . An interesting form of this problem, also discussed by Laplace, 
is that in which the moment of momentum and the mass of the fluid 
are given, not the angular velocity; and it is required to find what is 
the eccentricity of the corresponding ellipsoid of revolution, the result 
proving that there can be but one. 

It is evident that a mass of any ordinary liquid (not a perfect fluids 
§ 684), if left to itself in any state of motion, must preserve unchanged 
its moment of momentum,- § 202. But the viscosity, or internal 
friction, § 684, will, if the mass remain continuous, ultimately destroy 
all relative motion among its parts ; so that it will ultimately rotate as 
a rigid solid. If the final form be an ellipsoid of revolution, we can 
easily show that there is a single definite value of its eccentricity. 
But, as it has not yet been discovered whether there is any other 
form consistent with stable equilibrium, we do not know that the mass 
will necessarily assume the form of this particular ellipsoid. ' Nor in 
fact do we know whether even the ellipsoid of rotation may not beconjie 
an unstable form if the moment of momentum exceed some limit d^ 
pending on the mass of the fluid. We shall return to this subject in 
Vol. II.,, as it affords an excellent example of that difficult and delicate 
question Kinetic Stability, § 300. 

If we call a the equatorial- semi-axis of the ellipsoid, e its eccen- 
tricity, and 0) its angular Velocity of rotation, the given quantities are 
the mass ^trpdl'Ji ~ 

and the moment of momentum 

A «* ■^girp<Mp Ji — d. 

These equations, along with (3), determine the three qu^tities, a, e, 
and ft). 

Eliminating a between the two just written, and expressing e as 
before in terms of e, we have 
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- irT(f ) 




This gives 



27rp 


where i is a given multiple of pJ. 


k 

(l + 

Substituting in 771 (2) we have 


k=^{i 


+ 




tan“’« — 



Now the last column of the table in § 713 shows that the value of this 
function of e {which vanishes with t) continually increases with e, and 
becomes infinite when c is infinite. Hence there is always one; and 
only one, value of c, and therefore of e, which satisfies the conditions 
of the problem. 

7 1 8 . All the above results might without much difficulty have been 
obtained analytically, by the discussion of the equations; but we have 
preferred, for once, to show by an actual case that numerical calcula- 
tion may sometimes be of very great use. 

719 . No one seems yet to have attempted to solve the general 
problem of finding all the forms of equilibrium which a mass of 
homogeneous incompressible fluid rotating with uniform angular 
velocity may assume. Unless the velocity be so small that the figure 
differs but little from a sphere, the problem presents difficulties of an 
exceedingly formidable nature. It is therefore of some importance 
to know that we can by a synthetical process show tliat another form, 
besides that of the ellipsoid of revolution, may be compatible with 
equilibrium; viz. an ellipsoid with three unequal axes, of W'hich the 
least is the axis of rotation. This curious theorem was discovered by 
Jacobi in 1834, and seems, simple as it is, to have been enunciated 
by him as a challenge to the French mathematicians’. For the proof 
we must refer to our larger work. 

^ See a Paper by Liouville, Journal de FAcoli Polytechnigue, cahier xxiii., foot- 
note to p. 290, 
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In the case of the Simple Pendulum^ a heavy particle is sus- 
pended from a point by a light inextensible string. If we suppose it 
to be drawn aside from the vertical position of equilibrium and 
allowed to fall, it will oscillate in one plane about its lowest position, 
When the string has an inclination Q to the vertical, the weight mg of. 
the particle may be resolved into mg cos B which is balanced by the 
tension of the string, and mg dsM ^ in the direction of the tangent to 
the path. . If / be the len^h of the string, the distance (along the arc) 
from the position of equilibrium is IB. 

Now, if the angle of oscillation be small (not above 3® or 4° say), the 
sine and the angle are nearly equal to each other, Hence the acce- 
leration of the motion (which is rigorously ^ sin B) may be written 
Hence we have a case of motion in which the acceleration is ^propor- 
tional to the distance from a point in the path, that is, by § 74* Simple 
Harmonic Motion. The square of the angular velocity in the cor- 

2icc6lci*^t>ion 

responding circular motion is ^ ' sp i ^cgingnt " 7 ’ period of the 

harmonic motion is therefore In the case of the pendulum, 

the time of an oscillation from side to side of the vertical is usually 

taken — and is therefore.^,. / 

V S 


(b) Thus the times of vibration of different pendulums are as the 
square roots of their lengths, for anp. arcs of vibration, provided only 
these be small. 

Also the times of vibration of the same pendulum at different 
places are inversely as the square roots of the apparent force of gravity 
on a unit mass at these places. 


(c) It was found experimentally by Newton that pendulums of the 
same length vibrate in equal times at the same place whatever be the 
material of which their bobs are formed. This would evidently not 
be the case unless the weight were in every case proportional to the 
amount of matter in the'liob. 
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(At If the simple pendulum be slightly disturbed in any way from 
its position of equilibrium, it will in general describe very nearly an 
ellipse about its lowest position as centre. This is easily seen from 
§82. 

(.?) If the arc of vibration be considerable, the motion will not be 
simple harmonic, and the time of vibration will be greater than that 
above stated; since the acceleration being as the sine of the dis- 
placement, is in less and less ratio to the displacement as the latter is 


greater. 

In this case, the motion for any disturbance is, for pne revolution, 
approximately elliptic as before; but the ellipse slowly turns round 
the vertical, in the direction in which the bob moves. 

(/) The bob may, however, be so projected as to revolve uniformly 
in a horizontal circle, in which case the apparatus is called a Conical 
Pendulum. Here we have /sin d for the radius of the circle, and the 
force in the direction of the radius is Tsin where 7 * is the tension of 
the string. Tcos 0 balances -and thus the force in the radius of 
the circle is w.c'tan 0 . The square of the angular velocity i n the c ircle 

is therefore time of revolution 27 r^^^~ ; or 


where /t is tire height of the point of suspension above the 

plane of the circle. Thus all conical pendulums with the same height 
revolve in the same time. ' 


(.i;) A rigid mass oscillating about a horizontal axis, under the 
action of gravity, .cernstitutes what is called a Compound Pendulum^ 
When in the course of its motion the body is inclined at any angle 
Q to the position in wdvich it hangs, when in equilibrium, it experiences 
frotn gravity, and the resistance of the supports of its axis, a couple, 
which is easily seen to be equal to 

gWh^m.0^ 

where the mass and /i the distance of its centre of gravity from 
the axis. This, ctiuple produces 232, 235) acceleration of angular 
velocity, csdculatcd by dividing the moment of the couple by the 
moment of inertia of the body. Hence, if /denote the moment of 
inertia about the supporting axis, the angular acceleration is equal to 
gJVsln 0 
7 • 

Its motion is, therefore, identical (§ (a)) with that of the simple pen- 

I 

diilum of length equal to 

If a rigid body be supported about an axis, which either passes 
vclry nearly tlirough the centre of gravity, or .is at a very great dis- 
tance from this point, the length of the equivalent simple pendulum 
will be very great: and it is clear that some particular distance for 
the point of support from the centre of gravity will render the Iqigth 
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of the corresponding simple pendulum, and, therefore, the time oi 
vibration,' least possible. 

To investigate these circumstances for all axes parallel to a given 
line, through the centre of gravity, let k be the radius of gyration 
round this line, we have (§ 198), 

and, therefore, if I be the length of the isochronous simple pendulum, 

, Ui-kY-vtthk . (h-h)* 

/= — - — =5: L + i 

h h h 

The second term of the last of these forms vanishes when h-h, and' 
is positive for all other vallies of h. The smallest value of I is, 
therefore, 2^, and this, the shortest length of the isochronous simple 
pendulum, is realized when the axis of support is at the distance k 
from the centre of inertia. 

To find at what distance h, from the centre of inertia the axis must 
be fixed to produce a pendulum isochronous with the simple pen- 
dulum, of given length /, we Have the quadratic equation 

For tbe solution to be possible we have' seen that I must be greater 
than, or at least equal to, ^k. If / = the roots of this equation are 
equal, k being their common value. For any value of / greater than 
2k, the equation has two real roots whose sum is equal to /, and pro- 
duct equal to hence, for any distance from the centre of inertia 
less than k, another distance greater than wliich is a third propor- 
tional to it and gives the same time of vibration; and the length of 
tlie simjile pendulum corresponding to cither case, is equal to the sum 
of the distances of the two axes from the centre of inertia. This sum 
is equal to the distance between them if the two axes arc in one 
plane, through the centre of inertia, and on opposite sides of tliis 
point; and, therefore, for axes thus placed, and not equidistant from 
the centre of inertia, if the times of oscillation of the body when 
successively supported upon them are found to be eipial, it may be 
inferred that the distance between them is equal to tlie length of 
the isochronous simple pendulum. As a simple pendulum exists only 
in theory, this proposition was taken advantage of by Katcr for the 
practical determination of the force of gravity at any station. 

A uniformly heavy 'and perfectly flexible, cord., placed in the in- 
terior of a smooth tube in the form of any plane curve, and subject to 
nc external forces, will exert no pressure bn the tube if it have every- 
where the same tension, and move with a certain definite velocity. 

For. as in § 592, the statical pressure due to the curvature of the 

Tope per unit of length is 2*- (where cr is the length of the arc AB 

in thftt figure) directed inwards to the centre of curvature. Now, the 
element c, whose mass is ma, is moving in a curve whose curvature is 

^ with velocity v fsuoDOse). The reouisite force is mmTnifOi 
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Q 

and for unit of length Hence if mil the theorem is true. 

If we suppose a portion of the tube to be straight, and the whole to 
be moving with velocity v parallel to this line, and agamsf the motion 
of the cord, we shall_ have the straight part of the cord reduced to 
rest, and an undulation, of any, but unvarying, form and dimensions,. 

running along it with the linear velocity sj ^ 


m 


Suppose the cprd stretched by an appended mass of Jf^pounds, and 
suppose its length / feet and its own mass w pounds. Then Wg, 
Im = w, and the velocity of the undulation is 



feet per second. 


(/) ^^hcn an incompressible liquid escapes from an orifice, the velocity 
is the same as wotdd be acquired by falling from the free surface to the 
level of the orifice. 

For, as we may .neglect (provided the vessel is large compared with 
the orifice) the kinetic energy of the bulk of the liquid ; the kinetic 
energy of the escaping liquid is due to the loss of potential energy 
of the whole by the depression of the free surface. Thus the pro- 
position at once. 


if) The small oscillations of a liqteid in a U tube follow the 
harmonic law. 

The tube being of uniform section S, a depression of level, cr, 
from the mean, on one side, leads to a rise, rr, on the other; and if 
the whole column of fluid be of length 2a, we have the mass 2aSp 
disturbed through a space x, and acted on by a force 2Sxgp tending to 


bring it back. The time of oscillation is therefore (§ {a)) arr 
and is the same for all liquids whatever be their densities. 
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Aberration gives hodograpb of Earth’s 
orbit 53 
Abscissae 451 
Absolute acceleration 64 

— motion 63 

■ — unitofforce, Gauss’s, i88j British 190 
Acceleration, definition 34 ; uniform 3a ; 
variable 33; average 33; angular 57; 
composition and resolution 34, 37 

— directed to a fixed centre 45 

— in a fixed direction 44 

, — in logarithmic spiral vvith uniform 
angular velocity about the pold 295 
I — in Simple Harmonic Motion "74 

— in straight line, unifonn 43 

— in uniform circular motion 36, 39, 4'a 
. — of momentum 178 

Accurate measurements, necessity for 

•352 

Aetion, Least 279 

— Maximum 317 
- — Minimum 311 
- — Stationary 281 

— Varying 282 
Aeolotropic substance, an 647 
Alteration oflatitude by hemispherical 

hill, or cavity 496; by a crevasse 497 
Ampere’s Theory of Electrodynamics 

336 

Amplitude of S* H. M. 7 1 
Angle between two lines, definition of 
441 note 

Angle of repose 473 

Angle, solid 482; round a point 4831 
subtended at a point 485 
Angular acceleration 57 
Angular measure, standard of 357 
Angular velocity 54; unit of 55; com- 
position of 107, 108 
Anticlastic surface 120 . 

Approximate treatment of physical 
questions 391 

Arc, definition of 438; projection of 

an 439 . , . . 

Area of an autotomic plane circuit 445 
Argument of S. H. M. 7 1 
Atmosphere Homogeneous 695 ; see 
Homogeneout 


Attraction not modified by interposition 
of other matta: 474 

— is normal to equipotential surfaces 
506 

— integral of normal, over a closed 
surface 510 

— direct analytical calculation of 494 

— law of, when a uniform spherical 
shell exerts no attraction on an in- 
ternal point 541 

— - law of gravitation 475 

— of gravitating, electric, or magnetic 
masses 478 

— variation of, in crossing an attracting 
surface 495 

— of a circular arc for a particle at its 
centre 499 

— of a right cone for a particle at its 
vertex 494 (f) 

— of a cylinder on a particle in its axis 

494 ('^) , . , . , 

— of a cylindrical distribution of matter 
508 

— of a uniform circular disc on a par- 
ticle in its axis 494 (a) 

of an infinite disc 494 
of two equal uniform discs, one posi- 
tive, other negative 494 [d] 

— of an Ellipsoid 535, 537; of homo- 
geiieous ellipsoid 538-; Maclaurin’s 
Theorem 539 ; Ivory s Theorem 540; 
Duhamel's application of Ivory’s The- 
orem 541 

— of an ellipsoidal shell 535; on an in- 
ternal particle 536 

— of a uniform limited straight line on 
an external particle 499 {b) 

— of a mountain on a plumb line 
496 (2) 

— at the top and the bottom of a pit 
496 Kb) 

— of infinite parallel planes 508 

— of a sphere composed of concentric 
shells of uniform density 498 

— of a uniform sphere on an external 
particle infinitely near its surface 488 
cor. 

— of a uniform sphere 534, 541, 
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Attraction of an uninsulaicd sphere 
under the influence of an electrified 
particle 493 

■—uof a uniform spherical shell on an 
internal point 479; converse proposi- 
tion 541 

— of a uniform spherical shell on an 
external point 488 

— of a spherical surface whose density 
•varies as D~^ from excentric points 
490 ct seq.; excentric point inside at- 
tracted point outside, and vice versa 
491; excentric and attracted point 
both within or both without 492 

Autotomic circuit 443 
’Average curvature 14 
Average stress 645 
Average velocity a6 

Axiom, physical aop.; regarding the 
equilibrium of a non-rigid body 
5»4 

Axis of a couple aot 
Axis, centnd 579 

Balance, Coulomb’s Torsion 385 

— requisites for a good 383 

— sensibility, stability an4 constancy 
of a 38a 

— statical principles of jga 
Balance, spring 386 
Ballistic pendulum 363,' aya 
Bending of a supported beam or uniform 

bar 015 ; supported at ends or middle 
635; at ends and middle 637 
Bending, effect of, on cross section ’of ■ 
body 679 

Bifilar suspension 388 

Body, motion of a rigid to 6 

Body, a perfectly rigid, defined 393, 

40 r 

Bramah Press, hydrostatic principle of 
(189 

British system of units of mass 66 t note 
British absolute unit of force 190 

Cardioid 105 

Catenary 594; a parabola 599; kinetic 
question relative to 598 ; inverse pro- 
blem 600 
Cathetometer 383 
Central axis 579 
Central ellipsoid 338 
Centre of gravity, and centre of Inertia 
tpSi 542, 5837 ccnlrobaric bodies 
543; if it exist is centre of inertia 550; 

! >osition of in stable equilibrium 585, 
n rocking stones 586; of a body in 
equilibrium about an axis 587, on a 
fixed surface 588; Pappus’ tneorenp 
concerning £ 8 ^ 


Centre of pressure 688, 703 
Centre of mass or inertia 195, 58a z 
motion of centre of inertia of a. rigid 
body 333, 550; moments of inertia 
of centrobaric body round axes 
through centre of inertia 551 
Centrobaric body 543, proved possible 
by' Green 543, properties of 545} 
centrobaric shell 547 ; centrobaric 
solid 549; moments of inertia of a 
centrobaric body round axes through 
centre of inertia 551 
Change of velocity 177,' of moraen* 

. turn 177 

Characteristic function, Hamilton’s 383 
Chaslcs on confocal ellipsoids 537 
Chronometer 367 
Chronoscope 369 

Circuit, linear 443 ; autotoihic 443' 
Circular measure, unit. of ’357 
Clairault’s formula for the amount ol 
.gravity at a place 18.7 
Clocks 367 
Closed curve 443 
— polygon 443 

Closed surface, over a 510 

Coarsegrainedness 646 
CoelTicicnt of elasticity 365 note, 644 
Coefficient of restitution 365 ; of glass, 
iron, wool 365 

Comet, hodograjph of orbit of 49 
Component velocity 39; accdcratioo, 
37; of a force, effective 193 
Composition of Velocities •, Accelera- 
tions Simple Harmonic Motions in 
same direction 75, in different direc- 
tions 80; Angular velocities 107, 
about axes meeting in a point 108; 
notations X07, successive finite rota- 
tions 109; P'orces 331 , of two acting 
on a point 419, 433, special ca.sc.s or 
433 ct Hcq.; nearly conspiring 437, 
nearly opposed 438, nt right angles 
439, of any set of forces acting on a 
rigid body 370 ; Couples in same plane< 
or in parallel planes 561, 563, 563, any 
numlier, 564 ; not la parallel planes 
565, any number of 506, and a force 
568 

Compound jiendulum, Appendix^. 
Compressibility 65 r 

Conditions of equilibrium of a particle 
aoH ; a ri^atcrial point 470 ; of parallel 
uirces 538; of (loatingiiodics 703 — 9; 
of any number of couples 567 ct seq. 
Cone, orthogonal and oblique section of 
very small 486 ; solid angle of 483 > 
area of segment cut from spherical 
surface by a small cone 487 
Cones opposite or vortical 48/ 
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Confocal ellipsoids, corresponding points 
or* 535;’ Chasles’ proposition 537 
Conical pendulum, Appendix f 
Conical surface 480 
Conservation of energy 350 
Conservative system 243 
Constancy of a balance 384 
Constraint of a point 165, of a body 
167 ; one degree of constraint of the 
most general character 170 
Contrary forces 555 note 
Continuity, equation of t6i 
Conversion of units; — pounds per sq. 
inch to grammes per sq. centimetre 
66 1 ; other units soa — 306 
Co-ordinates 45 a; propositions in co- 
ordinate geometry 459 
Cord round cylinder 597, 603 
Corresponding points in confocal ellip- 
soids 535 

Cosines, sum of the squares of the direc- 
tion, of a line, equal to unity 460 
Couple 70 r, axis of 701, moment of 
aor, direction of 560 
— composition of in same or parallel 
planes 561; any number 5645 any 
number not in parallel planes 566; 
conditions of equilibrium of 567; 
and a force, composition of 568 et seq. 
Curvature of a plane curve 9 ; integral 
14; average 14; of a surface i7o of 
oblique sections, Meunier’s Theorem, 
171 ; principal, Euler’s Theorem 173 
Curvature of a lens, how to measure 381 
Curve, plane 11; tortuous 13; of double 
curvature i r ; continuous 35 ; closed 
. 443 

Curves use of, in representing expen-' 
mental results 347 

Cycloid 66. 103; properties of' 104; 
prolate 103; curtate 103 

D’Alembert’s Principle 730 
Day, Sidereal and Mean Solar 357 
Degrees of freedom and constraint 165, 
of a point 165. of a body 167; one 
degree of freedom of most general 
character 170 

Density 174; linear, surface, volume, 
477 j mean density of the earth ex- 
pressed in attraction units 715 
Developable surface 175; practical con- 
struction of a, from its edge 133 
Diagonal scale 377 
Direction of motion 8 
Direction of rotation, positive 455 
Direction cosine 463; sum of squares 
of, equal -to unity 460; of the common 
perpendicular to two lines 464 
Displacement of a plane figure in its 


plane 91, examples 96: of & rigid 
solid too 

Dissipation of Energy, instances 747, 
792, 683 

Dissipative systems 797 
Distortion, places of maximum, in a 
cylinder 678 

Distribution of the wefeht of a solid on 
points supporting it 076 
Double- weighing 384 
Duhamel’s application of Ivory’s theo- 
rem 541 
Dynamics i 


Edge of regression 137 
Elastic body, a perfectly'643 

— centre of a section of a wire 608; 
line of elastic centres, 608; rotation 
of a viTre about 628 

— curve transmitting force and couple 
619, properties of 670; KirchofTs ki- 
netic comparison, common pendulum 
and elastic curve 670 

— solid equilibrium of 667 

— wire or fibre 605 

Elasticity, co-efl5cient of 765 note} of 
volume 651; of figure 651 
Electric images 5785 definition 530; 
transformation by reciprocal radius 
vectors ssi; electric image of a 
straight line, an angle, a circle, a 
sphere, a plane 531 ; application to the 
potential 5325 of any distribution of 
attracting matter on a spherical shell 
533; nnifonn shell eccentrically re- 
flected 533; uniform solid sphere 
eccentrically reflected 534 
Elements of a force 184 
Ellipse, how to draw an 19 
EUipsoid, central 237 
Ellipsoid, attraction of a, 535; corre- 
sponding points on two 535,; Ellips- 
oidal shell deflned 535 ; attraction of 
homogeneous ellipsoidal shell on in- 
ternal point 536; Potential constant 
inside 536; Chasles* Proposition con- 
cerning 537 } equipotential surfaces of 
a 537; Madaurin’s Theorem 539; 
Ivoiy’s 540; comparison of the po- 
tentials of two 537 

Ellipsoid, Strain 141; prindpal axes 
of 147 

Empirical formulae, use of 350 
Energy, kinetic 179; kinetic energy of 
a system 734; energy in abstract 
dynamics 741, 751 ; foundation of 
the theoiy of energy 744; potential 
energy of a conservative system 745 ; 
conservation of £.7 50; inevitable loss 
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of enoi^ of visible motion ^471 
tential energy of a perfectly elastic 
body strained 644; ener^ of a 
strained isotropic substaiicc 666 
Epicycloid, integral curvature of 14, 
motion in 105 

Epoch in simple harmonic motion 71 
Equation of continuity i6a; integral and 
diiferentml 163 

Equations of motion of any system 1158 
Equilibrium of a particle, conditions of 
408, 470, on smooth and rough carves 
and surfaces 473 ; conditions of equi- 
librium of forces acting at a point 470J 
conditions of ec^uilibrium oi three forces 
acting at a point 584; graphic test 
of forces in equilibrium 414; condi- 
tions for stable equilibrium of a body 
585, rocking stones 586, body move- 
abie about an axis 587, body on a 
fixed surface 588; neutral, stable, and 
unstable equilibrium, tested by the 
principle of virtual velocities 756, 
energy criterion of 757 ; conditions of 
equilibrium cA parallel force,s 558; con- 
ditions of equilibrium of forces acting 
on a rigid body 576; equilibrium of a 
non-rigid body not auected by ad- 
ditional fixtures 584, of a flexible and 
inextcnsililc cord 594 ; position of equi- 
librium of a flexible string on a smooth 
surfaee 601, rough surfaces 60a ; equi- 
librium of eJasiic solid 667, of incom- 
pressible fluid completely filling rigid 
vessel under any system of forces 
697 ; equilibrium of a floating body 704 
et seq.iOf a revolving mass of fluid 710 
Eqiiipotcntial surfaces, examples of 499, 
S05, 576, of ellipsoidal shell 537 
Equivalent of pounds per square Inch 
in grammes per square centimetre 
661 ; other units 367 — 366. 

Erjjometer 389, Morin’s 389 
Experience 370 

Experiment and observation 3745 niles 
(nr the conduct of cxnerinieiit 375 ; use 
of empirical formulae in esdii biting 
resiihs of experiment 347 
Euler's theorem on curvature * 71 , on 
Impact 776 
Evolute 70 , 73 

Flexible and inexfensible line, Kine- 
matics of a i6; flexible and inexten- 
siblc surface, flexure of 175, gmieral 
property of 134; flexible string on 
smooth snificc, podrion of e<(mli- 
brimn ofOai, on rough Mirf'are boa 
Flexure of Ilexilde and inextensilih; sur- 
face 175, of a vvire 605; laws oi flexure 


389 

and tordon 607 j axes of pure ftexitm 
609 ; case in which the elastic centnd 
line is a normal aAis of torsion 609 ; 
where equal flexibility in all directions 
6 to; wire strained to any given spiral 
and twist dta; spiral spring 6*4; 
principal axes of 679 ; distortion of the 
cross section of a bent rod 679 

Floating bodies, stable cq^uilibtium of, 
lemma yo4 ; stability of 705 ct scq. ; 
see Fluid 

Fluid, properties of perfect 401, 684; 
fluid pressure 685, equal m all di- 
rections 686, proved by energy cri- 
terion 689 '.fluid pressure as depending 
on external forces 690; surfaces of 
e^uad pressure are perpendicular to 
lines of force 691, are surfaces of 
equal density and equal potential 697 ; 
rate of increase of pressure 694, in 
a calm atmosphere of uniform tem- 
perature 695 (free surface in open 
vessel is level 696) ; resultant pres- 
sure on a plane area 707 ; moment of 
pressure 'JO'S', loss of apparent weight 
liy immersion 703 ; conditions of equi- 
librium of a fluid completely filling a 
closeil vessel 696, under non-con- 
servative system of forces 697, im- 
aginary example (^9, actual case 
70 r ; equilibrium of a floating body^ 
lemma 704, stability 705, work done 
in a displacement 705, metacentre^ 
condition of its existence 709; oblate 
spheroid is a figure of equilibrium of 
a rotating uicorapressible homoge- 
neous fluid mass 711; relation be- 
tween angular velocity of rotation 
and density with given ellipticity 717; 
table of eccentricities and correspond- 
ing angular velocities and moments 
of momentum for a liquid of the 
eartli’s mean density 717; equilibrium 
of rotuiing ellipsoid of three unequal 
axes 7 1 9 

Fluxion 78 

Forbes's use of Viscous in connectloa 
with glacier motion 683 

Force, moment of 46, about a point 
199, source of the idea of 173, de- 
fined 183, specification of a 184, 
measure of a 185, measurement of 
374, liy pendulum 387; force of grav- 
ity, Clairauli’s formula for 187, in 
absoliuc units 187, average, in Britain 
tgt; unit of force, gravitation 185, 
absolute 188; Briiisli absolute unit 
ti)i; attraction unit of force 476; 
representation of forces by lines 197; 
component of force 193; composition 
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forces 111^ 418, parallelogram and 
polygon of in, true polygon of 416, 
triangle of 4 to; forces through one 

f joint, resultant of 41 a ; forces in equi- 
ibrium, graphic test of 414; resultant 
of three forces acting at a point 465 ; 
resolution of force along three sped* 
fied lines 408; resultant of any number 
of forces acting at a point 469 ; con. 
ditions of equilibrium of forces acting 
at a point 470; resultant of forces 
whose lines meet 553 ; two parallel 
forces^ in a plane 554, in dissimilar 
directions 55s, of any number 556, 
not in one plane 557, conditions of 
equilibrium of 558 et seq.; forces and 
a couple 568 ; forces may be reduced 
to one force and one couple 570J re* 
duction of forces to simplest system 
S7t; parallel forces whose algebraic 
sum is zero exert a directive action 
only 583; conditions of equilibrium 
of three, acting on a rigid body 584 ; 
conservative system of 343 
Force in terms of the potential 504; at 
any point, due to attraction of a 
spherical distribution of matter, a 
cylindrical distribution, or a distri- 
bution in infinite planes 508, where 
it varies as 509 
Force of gravity, Clairault’s formula folr 
rSy, in absolute units 187, average 
value in Britain 191, in Edinburgh 
fpi, lawof475 

Force, line of, definition 507, instance 
of 499 ; variation of intensity along 
a 508 

Force, tube of 508 

Form of equilibrium of a rotating mass 
of fluid 71 1 — 719 

Formulae, use of empirical, in exhibit- 
ing results of experiment 347 
Foucault’s pendulum 87 
Fourier’s theorem 88 
Freedom of a point, degrees of 165; of 
a rigid system 167 
Friction brake, White’s 390 
Friction, laws of statical 403, kinetic 
404 ; effect of tidal friction 348 ; fric- 
tion of liquids varies as the velocity 
«93 ; friction of solids 393 ; of a cord 
round a cylinder 593, 603 

Gauss’s absolute unit of force r88; 

theorem relating to potential 315 
Geodetic line 124, properties of 601 
Glacier Motion, Forbes’s Viscous The- 
ory of, meaning of Viscous in 683 
Gravitation, law of 475 ; potential 503 
Craviiy, force of, Clairault’s formula 


for 187, at Edinburgh, in Britain 
igr, m absolute units 187, work 
done against 509 

Gravity, centre of, and centre of inertia 
t95» 583; centre of gravity 543; pro- 
perties of a body possessing a centre of 
gravity 544 ; centre of gravity where 
a exists coincides with centre of inertia 
550 ; position of centre of gravity in 
a body for stable equilibnum 583, in 
rocking stones 586, in a body with 
one point fixed: with two points 
fixed 587, on a surface 588; Pappus’ 
theorem concerning, sometimes called 
Guldinus’ theorem 589 
Green 501; problem iu potential 317; 
the general problem of'electric in- 
fluence possible and determinate .331 
Gyration, radius of 335 
Gyroscopes, motion of ri5 

Hamilton’s Characteristic Function 383 
Harmonic motion 69 ; simple harmonic 
motion 70, amplitude, argument, 
epoch, period, phase, 71, instances of 
73; velocity in simple harmonic mo- 
tion 73, acceleration in 74; composi- 
tion of two simple harmonic motions 
in one line 75, examples 77 ; graphical 
representation of simple harmonic 
motion in one line 79; composition 
of simple harmonic motion in different 
directions 80; of different Jkinds in 
different directions 84; in two rect- 
angular directions 85 
Harton coal mine experiment 498 
Hodograph 49, of a planet or comet 
49, of a projectile 50. of motion in 
a conic section 51, of path where 
acceleration is directed to a fixed 
point and varies as Z)"* 61 
Homogeneous atmosphere defined 695 ; 
height of 694, at Paris, at Edinburgh 

*595- 

Homogeneous body 646 
Homogeneous strain 135; see Strain 
Horsepower 34O 
Hydrodynamics 683 ; see Fluid 
Hydrostatics 685 ; see Fluid _ 

Hyperbola, how to draw a 19 
Hypocycloid and hypotrochoid 105 
Hypothesis, use of 333 

Image, electric 328; see Electric im- 
ages ' 

Impact 259, duration of 350 ; time In- 
tegral 303; ballistic pendulum 363; 
direct impact of spheres, Newton’s 
experiments on 365, loss of kinetic 
energy in 366, due to 267, case with 
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no loss of kinetic energy i6S ; mo- 
ment of an impact I'j'x; work done, 
by i73; Euler's theorem 176 
Impressed force 183; see J^orce 
Inclination of two given lines in terms 
of their direction cosines 464 
Inertia i8r 

Inertia, centre of 195; see Centre of 
Mass 

Inertia, moment of tgS, ^35 — 239, of 
a centrobaric body 551 
Inextensible line 16, surface 125, gen- 
eral property of 134 

Instability of motion 300; instances 
307, 303, 304 

Interpolation in physical experiments 
350 

Involute 20 

Isotropic substance 647 
Isotropy, conditions fulfilled in clastic 
650, in one quality and aeolotropy 
in othera 648 

Ivory’s theorem on homogeneous con- 
focal ellipsoids 340 

Kepler's first law a consequence of ac- 
celeration directed to a fixed point 45 
Kilogramme 365 

Kinematics 4, of a point 7, of an in- 
extensible and flexible line 16, of a 
plane figure pr, flexible and inexten- 
sible surface 127 

Kinetic energy 179, rate of change of 
rSo; gain in kinetic energy equiva- 
lent to work done 207 ; kinetic energy 
of a system 234; loss of kinetic en- 
ergy in direct impact 266 
Kinetic foci 310 — 319, number of, in 
any case 316 
Kinetic friction 404 
Kinetics 2, 3, 4 

Kinetic stability 300; kinetic stability 
or instability iliscriniinntcd 301 ; cases 
of kinetic stability 302, 303, 304; 
kinetic stability in a circular orbit 
304; oscillatory kinetic stability 308; 
general criterion of kinetic stability 
309 ; motion on anticlastic surfaces is 
unstable, synclnstic stable 309 
Kinetic symmetry 239 
KirchofTs kinetic comparison between 
twisting a wire and the motion of a 
pendulum 620 

Latitude nltered by" nttractinn of a 
niouiuain, or hemispherical lull, or 
cavity 490, by a crevasse 497 
I^ws of cneqjy, dynamical, 252 
Laws of friction 403 ; see FiuHon 
Tjtwft mnrinn nf • fir«t 


law 2fo, aecond 217, third 927, 
Scholium 229, 24 1 
Least action 279 
Least squares, method of 340 
Lcmniscate, integral curvature of r4 
Lengthening of a spiral spring due to 
torsion 618 
Level surface 505 

Limitation of dynamical problems 39 r 
Line density 477 

Line, expression for 0. in co-ordinates 
459 

Line of elastic centres remains un- 
changed in length 608 ; see Elastic 
Line ot force def. 507, instances of 499, 
variation of intensity along a 508 
lane, orthogonal projection of a 442 
Liquid, effective moment of inertia of 
075, note 

Locus of centre of curvature 22 
Longitudinal vibrations, velocity of 
transmission of 658 
Longitudinal rigidity 637 
Loss_ of weight of body Immersed' in 
fluid 7035 see Fluid 
Lunar tides 77 

Machines, science of i 
Maclaurin’s theorem <Ju homogeneous 
confocal ellipsoids 539 
Mass 174: measurement of 175, 224, 
unit of rpo, 36s, 476, 715, British 
unit of 190; mass v. weight 17;, 

i86 

— centre of 196; sec Centre of Mass 
Matter 173 
Maximum action 317 
Mean angular velocity jS 
Mean density 174; of Earth, Sche- 
Imllien experiment 496, Horton coal 
mine experiment 498 
Mean solar day 357 

Measure of lime 358, 371, of length 
360, of surface 363, of volume 364, 
of mass 365, 01 force 365, of work 
366, of angles 357, of pressure 66 r 
Measurement of force 185, 224, of 
masses 224 

Mechanical powers 591 ; balance 593 
Mechanics r 
Mechanism 4 

Metacentre 709; conditions for its ex- 
istence ; see fluid 
Method of least squares 340 
Method of representing experimental 
results 347 
Metre 362 

Mcunicr’s theorem on curvatura 1 2 1 
Micrometer 379 

Minimum nnlinn nifr two Or more 


INDEX. 


ggs 

courses of minimum action possible- 
3’4 

Modulus of elasticity, Young's 657 ; 
weight and length of modulus 658; 
specific modulus of isotropic body 

% 

Moment about a point, of a velocity or 
a force 46, representation of 199, of 
a couple 201, of an impact 27a, of 
pressure 70a 

Moment of inertia 198, 235, of a cen* 
trobaric body 551 

Moment of momentum 202, of a rigid 
body 232 

Momentum ij 6 , change of 177, accele* 
ration of 178 

Motion of a material particle 7 ; rela- 
tive motion 63 ; simple harmonic mo- 
tion 69; of troops on suspension 
bridge 78 ; of point of vibrating string 
79 ; of a plane figure in its own plane 
19 ; of a rigid body about a fixed point 
io6 ; general motion of a rigid body 
112'; .of a screw in its nut 113; 
^(uantity of motion 176; Newton’s 
laws of motion 208, see Ztra/j; re- 
sistances to motion 247; motion in 
a resisting medium 292, in a logarith- 
mic spiral 295; of a system slightly 
disturbed from a position of equilil> 
rium 290 

Neap tides 77 

Neutral equilibrium 256; of floating 
bodies 705 

Newton’s laws of motion 208, seeZaw; 

experiments on impact 265 
Non -conservative system 298 
Normal 22 

Normal attraction over a closed surface* 
integral of 510. 

Oblique coordinates 453 
Observation and experiment 320 
Opposite cones 481 
Opposite forces 555. 

Ordinates 452 
Orthogonal projection 442 
Oscillation in U tube. Appendix i 

Eprallel forces in a plane, resultant of 
two 554, in dissimilar directions 5155. 
of any number 556. not in one plane 
.557, equilibrium of 558 
Parallelopam of velociiies 31, of forces 
219 

Particle material v. geometrical point 
7 . t8r 

Pendulum, Robin.«’ ballistic 263. 272 ; 
pendulum as-a measurer of force 387 ; 


simple pendulum Appendix (a ) ; com- 
pound pendulum Appendix 
Perfect fluid 401,684 
Perfect solid, ideal 656 
Perfectly elastic body ^43; potential 
energy of perfectly elastic body held 
strained 644 

Period of simple harmonic motion 71 
Periodic disturbance 306 
Periodic function, Fourier’s theorem 
regarding 88 

Perpetual motioft the, is impossible 244 
Phase of simple harmonic motion 71 
Physical axiom 209; concerning equi- 
librium 584 ' 

Plane, osculating 12; motion of plane 
figure in its own plane 91 
Planet, path of 45: hodograph of 49, 51, 
61 

Plasticity 683 
Polar coordinates 457, 459 
Polygon plane ii, gauche il, closed 
443, of velocities 31, of forces 219 
Potential 500; the mutual potential 
energy of two bodies 502, at a point 
503, force in terms of potential 504 ; 
equipotential surface 505; potential 
due to an attracting particle 509, to 
any mass 509, potential cannot have 
a maximum or minimum value at a 
pomt in free space 51 1. cases of this 
5 ’S« 5 * 6 ; has same value throughout 
the interior as at the surface of a closed 
space 513; mean value of potential 
throughout a sphere equal to the value 
at centre 514; Gauss’s Theorem 515; 
Green’s problem 517: potential due 
to a uniform spherical shell 514, 533; 
how to distribute matter so as to get 
a given potential 517 — 521 , potential 
due to uniform sphere 534; due to 
ellipsoidal shell 536 
Potential energy due to work done 207, 
of a conservative system 245 ; the 
mutual potential energy of two bodies 
502, of elastic solid held strained 644 
rrecesbion J17 
Precessional rotation 1 r6 
Pressure, centre of 688, 702; pressure 
at a point in a fluid same in every 
direction 685, 687. 689; surfaces of 
equal pressure are level surfaces 691 ; 
■whole pressure 709 

Principal axes of a strain 144 : seeS/ra{» 
Principal axes of inertia 237 
Probable error 343 

Probable result from a number of obser- 
vations. deduction of the 338; method 
of least squares 340; practical appli- 
cation 345 
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path of 44; hodograph 50 
ojection of areas aoo ; of a point on a 
^rajght line 437; orthogonal projec- 
44 ^» of a shell 447, of any two 
Snells, of a closed surface 448, of 
eqrml areas in parallel planes 440, of 
a plane figure 440 
Pulley, Icinematics of 18 
ure strain 159; see Strain 

Radius of curvature 9 
Radius of gyration 235 
Recession, edge of 132 
R.elauve motion 63 et seq.; acceleration 
of 64 

Repose, angle of 404, 473 
Residual phenomena 328 
Resistance to motion 247, 250; varying 
ns the velocity in fluids 293; to 
change of shape, frictional 683 
Resisting medium 247 
'^^oltition of velocity 30, of forces 431, 
geometrical solution 432, trigonomet- 
rical solution 433, in directions at 
right angles 434 ; application to find 
the_ resultant of a number of forces 
acting on a point 435 ; resolution of 
forces alng three specified lines 468 
Rest 211 

Restitution, co-efficient of 265 
Resultant velocity 31 ; resultant of forces, 
on a point 412, 419; three forces act- 
ing on a point 465, any number 470 
Revolving mass of fluid, equilibrium of 
^710? see S 7 ui(/ 

Rigid body, displacement of 90, motion 
of 106, general motion of 112, rigid 
body defined 393, 401 
Rigidity 651; longitudinal ^57: rigidity 
and resistance to compression 655; 
rigidity as depending on form 677 
Rocking stones 586 
Rolling of bodies 109; of curve upon 
curve TOO 

Rolling motion 118, 119 
Rope round cylinder 592, 603 
Rotation, positive direction of 455 
Rotations about parallel axes, compo- 
sition of 98; composition of rotation 
and translation in one plane 99; ro- 
tations of a rigid body, composition of 
X06 ; successive finite rotations 109 
Rotation of a wire round its elastic 
central line 628 ; see Elastic 

Schehallien experiment 496 
Scholium to law iii 229, 241 
Screw, motion of a, in its nut 1x3, 114, 
337 

Sea mile atii 


Section of a mall cone, oblique 4^ 
Sensibility and stability of ab^ance 384, 
59 * 

Shape, -change of, involves dissipation 
of energy 683, 247 

Shear, simple 150, -axes of a 152, 
measure of a 153, combined with a 
simple elongation and expansion 156 
Shell def. 446 
Siderial day 358 
Simple linear circuit 443 
Simple harmonic motion 70, in me- 
chanism 72, composition of, in one 
line 75, examples 77, composition of, 
in different directions 80, of different 
kinds in different directions 84, in two 
rectangular directions 85 ; see Har~ 
vionic 

Simple pendulum, Appendix (a) 

Simple shear 150 ; axes of a shear 152 ; 
ratio of a shear 153, amount of a 
154; planes of no distortion in a 155 
Solar system, ultimate tendency of the 
249 

Solar tides 77 

Solid angle 482; round a point 483; 

subtended at a point 485 
Solid, elastic 643, 651; potential energy 
of elastic solid held strained 644; fun- 
damental problems of the mathemati- 
«al theory of the equilibrium of an 
elastic solid 667; equations of intemil 
equilibrium of 668; St Venant’s ap- 
plication to torsion problems 669; 
small bodies stronger than large ones 
in proportion to ^eir weight 682 ; 
imperfectness of dasticity in solids 
683 

Space described under uniform accele- 
ration.in direction of motion 43 
Space, British unit of 190 
Specific modulus of elasticity 689 
Sphere, attraction of, composed of con- 
centric shells of uniform density 498 ; 
attraction of uniform sphere and po- 
tential due to 634 ; see Attraction zsxA 
Potential 

Spherical shell, uniform, attraction oa 
internal point 479, ' external point 

488, on an element of the surface 

489, potential due to 533; see At- 
traction and Potential 

Spherometer 380 
Spinning motion xi8 
Spiral, motion in logaritboiic 295, 296 
Spiral springs 386, as measurers offeree 
386, 614, kinetic energyof 6i6, length' 
ening of, due to torsion 618 
Spring balance; see Spiral springs 
Spring tides 77 
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Stable equilibrium 156, 257; see Centre 
0/ Gravity and Floating Bodies 
Stability of motion 300 
Static friction 404 

Statical problems, examples of 591; 
balance 592; rod with frictionless 
constraint 592; rod constrained by 
rough surfaces 592; block on rough 
plane 592 ; mass supported by nngs 
round rough post 592; cord wound 
round cylinder 592 

Statics 2, 3,. of a partide 408, of a 
rigid body, 552 
Stationary action 281 
Straight beam infimtely little bent 
623 

Strain 135 ; homogeneous strain 136; 
properties of homogeneous strain 237; 
strain ellipsoid 141 ; axes of strain 
ellipsoid. 244; elongation and change 
of direction of any Tine of a body in 
condition of strain 145 ; distortion 
in parallel, planes without change of 
volume 148 ; simple shear 1 50 ; axes 
of a shear 152, ratio of a 153, amount 
of a 154,' planes of no distortion Tn 
a 15 s, is a simple elongation and ex- 
pansion combined with a shear 156; 
analysis of strain 157 ; pure strain 
159 ; composition of pure 160 
Stress 629, homogeneous 630, specifi- 
cation of a 632, components of a 
633, simple longitudinal and shearing 
stress 633 ; stress quadratic 634 ; 
normal planes and axes of a stress 
quadratic 635; varieties of stress 
quadratic 636 ; laws- of strain and 
stress compared 639 ; rectangular ele- 
ments of strain and stress 640-; work 
done by a strain 642 ; a physical ap- 
plication 642 ; stress produced by a 
jingle longitudinal stress 653 ; ratio 
of lateral contraction to longitudinal 
extension different for different sub- 
stances 655; stress required to pro- 
duce a simple longitudinal strain 063 ; 
stress components in te.rms of strain 
for isotropic body 664; strain compo- 
nents in terms of stress 665 ; funda- 
mental problems in, mathematical 
theory of equilibrium of elastic solid' 
667 ; equation of energy of isotropic 
body 666 ; equations of internal 
equilibrium 668 ; comparative strain 
of similar bodies as depending on 
dimensions 682 

St Venant on torsion of prisms 669 ; 

see Torsion 
Surface' density 477 

Sudace of equilibrium 505 ; relative in- 


tensity of force at differebt points of 
a 506 

Surfaces of equal pressure in a fluid at 
rest are also surfaces of equal potential 
and equal density 692 
S3mimetry, kinetic 239 
Symmetrical co-ordinates 458, 459 
Synclastic surface 120 
System, conservative 2+3 
— non-conservative 298 

Tidal friction. 247, effect of Tides in 
lengthening the period of the Earth’s 
rotation about her axis 248, 249 
Tides 77 

Time, unit of 190, measurement of 213, 

358, 371 

Time integral 262 

Time of rotation of the earth round its 
axis increased by friction 248 
Time of oscillation of fluid in a U tube 
Appendix k-, of a simple pendulum 
Appendix b, c, d, e, compound .pen- 
dulum Appendix g; wave running 
along a stretched cord Appendix A 
Tops, motion of spinning 1 18 
Torsion, laws of 607 
Torsion balance 383 
Torsion of a wire 605 ; laws of 607 
Torsion of-prism's, St Venant on 669, 
lemma 6705 torsion of circular cy- 
linder 671 ; prism of any shape. 672, 
623 ; hydrokinetic analogue 675 ; con- 
tour lines for normal sections of 
prisms &c. undbr torsion;" ellipt'ic 
cylinder, equilateral triangular prism, 
curvilinear, square' prisms, square 
prisms: bars elliptic, square, flat, 
rectangular 676 ; relation of tor- 
sional rigidity to flexural rigidity 
677; ratio of torsional rigidity to 
those of circular rods of same mo- 
ment of inertia, or of same quantity 
of material 677; places of greatest 
distortion in twisted prisms 6 78 
Tortuosity ri 
Tortuous curve rr, 13 
Transformation electrical, by reciprocal 
radius vectors 531 

Transmission of force through elastic 
solid 629; transmission of homo- 
geneous stress 630 ; force trans- 
mitted across any surface in elastic 
solid 631 

Triangle of forces 410, equivalent to a 
couple 41 1 

Triangle of velocities 31 
Trochoid 103 
Tubes of force 508 
Turning, positive direction of 455 
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’^Uniiofm accderatibn 36, 43 1 space 
described 43 

Uniform circular motion, acceleration 
in 37 ; composition, of two .86 

Uniform velocity 23 

Unit angle 55 ; of angular velocity 55 ; 

— of angular measure 35/ 

— of cubic measure 364 

— of force 188, 366, 476 

— length 360 — 362 

— mass, space, time 190, 565 

— work (scientific) 204, gravitation 204 

— surface 363' 

Units, tables for conversion of 362 — ^366, 
661 

Unstable equilibrium 256, 257; see 
Centre oj Gravity and Fluid 

Varying action 279 ; Optical illustration 
286 ; a criterion for kinetic stability 

309 

Velocities, parallelogram, triangle, poly- 
gon of 31 ; examples of velocities 41 

Velocity 23. uniform 23, variable 26, 
component 29, resolution of 29, 
resultant 31, moment of 46, angular 
54, relative 63, change of 177, 
virtual 203, 254 

Velocity of a planet at any point of its 
orbit 48 ; in simple harmonic motion 
73 

Velodty of escape of fluid from an ori- 
fice Appendix^ 

•— of longitudinal vibrarions along a 
rod 658 

— of wave along stretched cord Ap- 
pendix k 
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Venant (St) on torsion 669; see Tor. 
sion ' 

V-emier 373 
Vertical 00093-481 

Vibrations produced by impact 220, 
269 ; in a resisting medium 293 ; 
along stretched cord Appendix h, 
velocity of transmission of, through a 
rod 658 

Virtual velocity 203, 254, moment of 
203 

Viscosity of solids 683; of fluids 683 
Vis viva T79 

Volume, change "of involves dissipation 
•of energy 683 
Volume, density 477, 715 
Volume, elasticity of 651 

Weber’s electrical theory 336 
Weight V. mass 175 ; a measure of mass 
175, i86 

White’s friction brake 390 
Whole pressure on a submerged surface 
702 

Wire, flexure of a 622 ; see Flexure 
Work 204, unit of -204, against force 
varying inversely as square of distance 
509, independent of path pursued 
under conservative system of force 
509, done in straining a perfectly 
elastic body 644 ; transformations of. 
work 207 

Yard 360 

Young’s modulus 6 $j 



